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GRAIN-SIZE IN METALS, WITH SPECIAL REFERENCE 
TO GRAIN GROWTH IN AUSTENITE 


By M. A. GrRossMANN 


Abstract 


Since steel may exist either as austenite or as ferrite 
and carbide (depending on the temperature), the grain 
sizes of these two structures must obviously be considered 
separately. 

Ferrite grain-size is influenced by heat treatment, 
particularly after prior cold work, and the laws of varta- 
tion of ferrite grain size are rather well understood. 

The laws of variation of austenite grain-size still call 
for much study. Data are presented here for some lower 
carbon steels, showing how the austenite grain-size de- 
veloped at any temperature may be affected profoundly 
by prior treatment of the steel. Prior heat treatment and 
prior hot work may shift the coarsening temperature of 
austenite markedly. In this connection, it is pointed out 
how prior cold work, prior hot work and prior heat treat- 
ment may affect the “McQuaid-Ehn grain-size.” 


|* APPROACHING a symposium on grain-size in metals, it 
seems appropriate first to define the precise nature of the prob- 


lem, and then if possible to add a few data to our present knowledge 
of the subject. 


CRYSTAL STRUCTURE IN METALS 


\lmost as soon as the microscope was directed at metallic bodies, 
it was found that they consisted of minute grains. It was not until 
1898, however, that Heyn (1)* demonstrated after a study of etching 
pits that these grains were in reality crystals, a fact not previously 
recognized because of the irregular outlines of the grains. The name 
“crystals” had until then been applied only to mineral crystals, with 
their symmetrical form and regular cleavage. When Laue began the 
study of crystal structures with X-rays in 1912, the fact that metals 
were crystalline became a familiar circumstance. It is now known 


“The figures appearing in parentheses refer to the bibliography appended to this paper. 
paper presented as part of the Grain-Size Symposium of the Sixteenth 
\nnual Convention of the Society held in New York City the week of October 
|, 1934. The author, M. A. Grossmann, a member of; the Society, is research 

leer, Illinois Steel Company, Chicago. Manuscript received August 2, 1934. 
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further that even those properties of crystals which are ass 
with minerals (regularity of outline and manner of cleavagy 
Isxamples of large crystals of steel 


be observed also in metals. 
Cleava: 


in shrinkage cavities of steel ingots are well known. 
demonstrated among others by Edwards and Pfeil (2), as shown j 
lig. 1, which shows the cleavage in large single crystals of iro 
the crystals a sharp blow. Regularity of form A 

i } 


(>t 


obtained by striking 


may on occasion be 


Fig. 1—Cleavage in Large Single Crystals of Iron Obtained by Striking 
Crystals a Sharp Blow. (After Edwards and Pfeil) 
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Photomicregraph of a Crystal Grain of Austenite of Symmetrical 
Ferrite in 27 Per Cent Chromium 
500. 


Fig. 2 
Shape Formed within a Single Grain of 
Steel Heated Several Hours at 2300 Deg. Fahr. 


shows a crystal grain of austenite of symmetrical shape. It formed 


within a single grain of ferrite, in 27 per cent chromium steel, when 
the steel was heated for several hours at 2300 degrees Fahr. (1200 


degrees Cent.). 





observed also in microstructures. Thus Fig. ? . 
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uch regularity of outline as shown in Fig. 2 is however un 
since it is a result of unobstructed growth, whereas ordinarily 


is mutual interference during growth, with its resultant familiar 


ularitvy of form. The absence of crystal outline, however, does 


affect the inner crystal structure. 
One important manifestation of this crystallinity is the manner 
lastic flow. Crystals of metal can flow or deform more easily 


some directions than in others (3). Since the individual crystals 


3\A-——Test Piece of 18-8 Stainless Steel Before Stressing in Testing Machine. 


ig. 3B—-Same Test Piece After Being Elongated 27 Per Cent in 2 Inches. 
mens Etched to Show Individual Grains. 


in a piece of metal have different orientations, it follows that when 


a piece of metal is deformed, each of its individual grains will deform 


mp 


Se 


its own particular manner. The manner of deformation is influ- 
enced by the orientation of the crystal, the direction of the applied 
stress and the obstructing action of adjacent grains. These individ- 
manners of deformation may be observed readily in a coarse- 
erained piece of metal, such as the 18 per cent chromium-8 per cent 


nickel steel of Fig. 3. The coarse grains were made by heating the 


Pic SAMRAL gc sia rk igi 


steel for 24 hours at about 2400 degrees Fahr. (1315 degrees Cent. ), 
whereupon a tensile test piece was cut from the block. Fig. 3A shows 
the test piece, etched to show the individual grains. Fig. 3B shows 
he same test piece after being elongated in a tensile machine, the 

ngation being 27 per cent in 2 inches. It will be seen that the 


lividual grains have deformed, each in its own manner. 


\TION BETWEEN ACTUAL GRAIN-SIZE AND OTHER PROPERTIES 


Considerations such as these have led to many investigations of 
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the relation between the crystal size and the accompanying mec! 
properties. A few references to previous work (4), (5 ), (0), wi] 


be found in the appended bibliography, and new data are to be pre. 

















sented in the present symposium. 


The mechanical properties at room temperature, however, do 


not by any means constitute the only properties which have heey 
correlated with grain-size. There are other properties which have 
been studied at room temperature, such as magnetic permeability (7) 
and watt loss in sheets for electric purposes (8). There have also 
been studies of properties at elevated temperatures, such as tensil 
strength and creep strength. 


CHANGE OF ACTUAL GRAIN-SIZE 


Since it has been observed that there are relationships between 
the grain-size of a piece of metal and certain of its properties, and 
since the size of the grains may be changed by heat treatment, it be- 
comes important to inquire into the laws of change of grain-size. 

In one field of grain growth, a very considerable amount of work 
has already been done, namely the grain growth which takes place 
when metal is cold-worked and then heated. These studies had their 
inception in the work of Sauveur (9), who showed that a piece of 
steel, deformed under a Brinell impression and then reheated, showed 
a wide range of grain growth tendencies. In particular, it was found 















that a certain moderate amount of cold work followed by heating in 
a certain range of temperature, led to the formation of abnormall) 
large grains, and that a whole range of grain-sizes was produced by 
different amounts of cold work and different reheating temperatures. 
This behavior, which was found to be general in metals, has been 
studied in detail in iron by Chappell (10), in alpha brass by Mathew- 
son and Phillips (11), in aluminum by Carpenter and Elam (12), and 
in other metals and alloys. 


RELATION BETWEEN AUSTENITE GRAIN-SIZE 
AND OTHER PROPERTIES 
Now the relationships which have been mentioned up to this 
point may properly be called grain-size relationships—that is to say, 
they refer to a relationship between the properties of the piece of 
metal being tested and the size of the crystals which compose the 
piece. In an entirely different category are the studies of austenite 
grain-size in steel, as exemplified in the widely used McQuaid-Ehn 









: 
e i Kis pal. a er oe x ee ee 
Saree ee seins ral a ik al ie Sh US 


dreTk 


hus po 
khn gra 
of the $s 
‘The S17 
may be 
or noth 
cooled 
correla 
bi 
extrem 
(13), 
are Ca 
carbur 
the gf 
and b 


ability 


. 


the n 


chang 


steel 
the 1 
Kaht 
it 1S 
tem] 
that 
ite ¢ 
tent 
tort 
tion 
stee 
oth 
act 
the 


it 



















GRAIN GROWTH IN AUSTENITE 


865 





Here the steel is examined not for its actual grain-size while 

tested but to discover what its grain-size had been previously, 

ely when it consisted of crystals of austenite, at high temperature. 

This p int can scarcely be emphasized too strongly. The McQuaid- 

hn grain-size, or any other record of austenite grain-size, is a record 
of the size of the austenite crystals which existed at high temperature. 
lhe size of these austenite grains in any individual piece of steel 
ay be varied in a number of different ways, and so may have little 
nothing to do with the size of the grains in the piece after it has 
cooled and transformed to ferrite. This is the pitfall in attempts to 

correlate austenite grain-size with other properties of steel. 

But when properly interpreted, austenite grain-size furnishes 
extremely important clues to certain behaviors. McQuaid and Ehn 
(13), in their original work on this subject, showed that when steels 
are carburized and the austenite grains in the case are coarse after 
carburizing, the steel hardens more readily in quenching than when - 
the grains are fine. This behavior was eventually explained clearly 
and beautifully by Bain (14) as a result of his studies of harden- 
ability. 


CHANGE OF AUSTENITE GRAIN-SIZE 


Now it may be said that there is rather good understanding of 
the manner in which steel (particularly low carbon steel) undergoes 
changes in actual grain-size when it is cold worked and then heated. 

Less well understood are the ways in which austenite grains in 
steel grow when they are heated. Austenite is the stable structure in 
the range of temperature from about 1300 to about 2500 degrees 
ahr. (705 to 1370 degrees Cent.), and at these high temperatures 
it is readily imaginable that grain growth might take place. But the 
temperature at which grain growth begins varies with the steel, so 
that numerous tests must be carried out in order to learn the austen- 
ite characteristics of a piece of steel. The carburizing test for aus- 
tenite grain-size, the McQuaid-Ehn test (13), was shown to set 
orth very clearly the austenite grain-size under one set of condi- 
tions, and this grain-size was correlated with other properties of the 
steel. Unfortunately, the assumption was subsequently made by 
other workers that the austenite grain-size so discovered was char- 
acteristic of that piece of steel, regardless of any heat treatment of 
the piece before carburizing. It was also assumed that hot working 


lorging, rolling, etc.) was without influence on the McQuaid-Ehn 
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grain-size. It was furthermore assumed that the grain-size 









carburized case was the same as in the uncarburized core. ha 
already been demonstrated that some of these assumption 
unwarranted, and some evidence will be offered here which in 


that the remainder are likewise inconsistent with the facts. 


VARIATIONS IN AUSTENITE GRAIN-SIZE 












In considering variations in austenite grain-size, it 1s nec 


to bear in mind the manner in which austenite grains form and ¢) 


Lil 





way in which they grow. This mechanism, already described els: 


where (15), may be summarized briefly as follows: When, upon 









heating, the steel reaches the temperature at which it begins to trans 
form to austenite, the first very minute austenite crystals form within 
a pearlite island or in the boundaries between ferrite grains. ‘Thesi 





Table I 
Composition of Steels 







Investigated 







Per Cent 
Pp Ss Si Ni Cy M 













l 0.17 0.79 0.009 0.014 0,29 0.14 0.06 
? O17 0.51 0.00) 0.004 0.22 1.68 0.07 () 
; 0.33 0.6) 0.019 0.016 0.24 1.17 0.59 
1 0.18 O.48 O.O1 0.006 0.25 1.73 0.03 
0.009 0.005 5 1.7 0.04 








small austenite grains then grow across the pearlite islands and across 
the ferrite grains, until they meet other austenite grains which have 
grown from other nuclei. When all the austenite grains have thus 
met, so that the whole piece consists of austenite, it is clear that a 
certain set of grain-sizes will have been established. 

It should be mentioned that this initial austenite grain-size is not 
appreciably affected by the rate at which the steel passes through the 
transformation temperature range. The following experiment illus 
trates this point. Steel Number | of Table I, a low carbon plain 
carbon steel, was heated through the transformation range at several 
rates, as follows. 


1. Slow heating. The piece was packed in a box of carburizer, 








the box placed in a furnace which was at somewhat below 
800 degrees Kahr. (425 degrees Cent.), and the furnace then 
brought to 1700 degrees Fahr. (925 degrees Cent.). The 
time from room temperature to 1700 degrees Fahr. (925 
degrees Cent.) was about 2 hours and 30 minutes. 

Moderate Rate of Heating. 





The piece was packed in a box 
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showed 
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of carburizer, and the box placed in a furnace which was 
already at 1700 degrees Fahr. (925 degrees Cent.). The 
time from room temperature to 1700 degrees Fahr. (925 
degrees Cent.) was approximately 30 minutes. 

3. Rapid Heating. A box of carburizer was heated to 1700 
degrees Fahr. (925 degrees Cent.), whereupon the cold 
piece of steel was placed in the hot carburizer. The time 
from room temperature to 1700 degrees Fahr. (925 degrees 
Cent.) was estimated to be less than 5 minutes. 

ll cases, the time of holding at 1700 degrees Fahr. (925 degrees 

( ent.) Was about 2 hours, whereupon the boxes were cooled in air, 
(he austenite grain-size which had formed was then determined in 
the usual manner by observing the carburized case. The three sam 
nies which had been given the three different rates of heating all 
howed the same austenite grain-size, about Number 5 on the 
\.S.T.M. chart, which had been found in other tests to be the size 
austenite grains to which this steel transformed on slow heating. 
hese initial austenite grains have some stability, so that no 
rain growth takes place if the steel is heated for considerable lengths 
{ time just above the transformation temperature, or even if it is 
heated to somewhat higher temperatures. At some still higher tem 
perature, which is conveniently termed the coarsening temperature, 
some grains begin to grow at the expense of others, and after a time 
he whole piece consists of larger grains. ‘This coarsening tempera 
ture varies greatly in different steels—it 1s common to find it any 
where in the range from 1500 to 2100 degrees Fahr. (815 to 1150 
degrees Cent.). It 1s well to emphasize the fact that the grain-size 
loes not change below the coarsening temperature :—If for example 
the coarsening temperature is 2100 degrees Fahr. (1150 degrees 
Cent.), then the steel may be heated many hours at 2000 degrees 
hahr. (1095 degrees Cent.) and its grain-size will still be precisely 
the same as it was when it first transformed to austenite upon heating 
. ty at 1450 degrees Fahr. (790 degrees Cent.). 
[he austenite grain-size in any piece of steel, then, must be 
isidered first in the light of the initial austenite grain-size which 
| rims upon transformation and then the size of the grains which 
= result from the coarsening of those initial grains. The initial austen 
grains are usually in the range of size from Number 5 to Number 
\.5.T.M. chart) and the coarsened grains usually range in size 
m Number 1 to Number 4. 
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mber 


Now it is well known that different steels, though of th: 


ANE 
composition as regards elements ordinarily determined, may have 
widely different coarsening temperatures. These differences are dye 
to the presence of different amounts of grain-growth inhibitors 

But attention must now be directed to the fact that the coarsen 


ing temperature in a steel is not by any means constant for that piece 
of steel. It may be varied by prior heat treatment, by hot working 
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Per Cent Coarse Grains 
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7700 7800 7900 £000 2100 


Carburizing Jemp., F. 







Fig. 4—-Carburized S.A.E. 4615 Steel in which 
the Coarsening Temperature was Influenced by 
Prior Heat Treatment. 


and probably by cold working. Fig. 4 shows an instance of S.A.E. 
4615 nickel-molybdenum steel, in which the coarsening temperature 
was influenced by prior heat treatment. The steel, Number 2 in 
Table I, was treated as follows. Four pieces were placed in a fur- 
nace and heated to 1700 degrees Fahr. (925 degrees Cent.). One 
piece was quenched in water, one quenched in oil, one cooled in air 
and the remaining one cooled with the furnace. The only variable, 
then, was the rate of cooling from 1700 degrees Fahr. (925 degrees 
Cent.). The pieces were thereupon carburized for eight hours at a 
series of temperatures and the coarsening observed. The results are 
given in Fig. 4. As suggested elsewhere (15), a convenient method 
of plotting the coarsening is to indicate for each temperature of car- 
burizing the percentage of the observed area which is occupied by 
coarse grains, that is to say, grains which have coarsened from the 
initial austenite grain-size which had been formed during transforma- 
tion. Fig. 4 and the subsequent diagrams are plotted in this manner. 

[t will be observed that the sample cooled in air began to coarsen 
(in the subsequent carburizing) at a considerably lower temperature 
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the other samples. Also, at higher carburizing temperatures, 





air-cooled sample coarsened more than the others. Attention is 





rected to a peculiar behavior in the water-quenched sample, in that 





did not coarsen as rapidly with increase in carburizing temperature 





did the others. This behavior will be discussed again later. 





The marked coarsening of air-cooled (normalized) samples has 





heen observed in many steels. It is not at all uncommon to find the 
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Fig. 5—Carburized S.A.E. 3135 Steel in which 
there is a Marked Lowering of the Coarsening 
Temperature Due to Normalizing Treatment. 










coarsening temperature of an annealed low carbon alloy steel lowered 
as much as 150 degrees Fahr. by normalizing. A pronounced instance 
is shown in Fig. 5. Here Steel Number 3 of Table I, an S.A.F. 3135 
steel, was available in the form of 6x6-inch billets, which had been 







slowly cooled from the rolling. A 3x3x6-inch piece was cut from 





such a billet, heated to 1600 degrees Fahr. (870 degrees Cent.) and 





cooled in air. Samples from this latter piece were then carburized 





at a series of temperatures and their grain coarsening compared with 









a amples from the original slowly-cooled billet. The results assem- 
i bled in Fig. 5 show a marked lowering of the coarsening temperature 
: lue to the normalizing treatment. 

| These observations raise a question as to a similar effect when 
A the heat treatments are repeated. Steels 4 and 5 of Table I, both 





Sia i — ° . ‘ , 
kel-molybdenum carburizing steels similar to Steel Number 2, 












870 TRANSACTIONS OF 





THE A. S. M. Dx b 










were treated as follows. The steel was selected from 6x6-inch | 












which had been slowly-cooled from the rolling. 
B Original billet. 

N1 Normalize from 1600 degrees Fahr. (870 degrees Cent.), on 

N3 Normalize from 1600 degrees Fahr. (870 degrees Cent.), thr 
successive treatments. 

Ol Quench in water from 1600 degrees Fahr. (870 degrees Cent 
once, 

O3 Quench in water from 1600 degrees Fahr. (870 degrees Cent ( 


successive treatments. 


After these treatments, the steels were carburized at a series 
temperatures, and the results are assembled in Figs. 6 and 7. ]; 


will be seen that repeated treatments are even more effective in 
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Fig. 6—Steel No. 4 (Table IT) Carbu 
rized After Preliminary Heat Treatments 
Almost Completely Coarsened in 8 Hours 
at 000 Degrees Cent., Whereas the 
Original Billet Pieces Were  Scarcely 
Coarsened at all at this Temperature. 
















creasing the susceptibility to coarsening than are single treatments. 
Thus the pieces which had been normalized three times were in both 
cases (igs. 6 and 7) almost completely coarsened in the 8 hours at 
2000 degrees Fahr. (1095 degrees Cent.), whereas the original billet 
pieces were scarcely coarsened at all at this temperature. 

Attention is now directed again to the pieces which were 
quenched in water (Q1 and Q3). It was observed in Fig. 4 that the 
piece quenched in water, while it began to coarsen at a lower tem- 
perature than the piece quenched in oil, nevertheless did not display 


as much increase in coarsening when the carburizing temperature was 
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This same behavior is displayed in the steels depicted in Figs. 


| 7, particularly those which had been quenched in water thre¢ 





‘These pieces coarsened rather notably at temperatures as low 





800 degrees Fahr. (980 degrees Cent.), yet even at 2000 degrees 





(1095 degrees Cent.), the increase in coarsening was not very 





rked. This behavior may be contrasted with that of the pieces 





‘malized three times—these latter barely showed signs of incipient 
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Fig. 7 Steel No. 5 (Table I) Car 
burized After Preliminary Heat Treat 
ments Almost Completely Coarsened in 
8 Hours at 2000 Degrees Cent., Where 
as the Original Billet Pieces Wer 
Scarcely Coarsened at all at this Tem 
perature. 















coarsening at 1900 degrees Fahr. (1040 degrees Cent.), and yet were 





almost completely coarse at 2000 degrees Fahr. (1095 degrees Cent. ). 





\s to the reasons for this change in coarsening temperature due 





to heat treatment, it had been thought that it might be directly asso- 





ciated with differences in initial austenite grain-size. It will be re- 





called (15) that normalizing of low carbon alloy steels results in a 





smaller ferrite grain-size, and this in turn leads to a smaller initial 





os ahs tse ges 


austenite grain-size when the steel transforms to austenite in heating. 







. Since the normalized steels, with their smaller initial austenite grain- 
, ize, have greater susceptibility to coarsening, it was thought that the 
Q reater surface energy in the small grains might be the sole reason 
ie lor the change in coarsening temperatures. This, however, cannot 
K e the case, as the following data will show. 






r The four samples of Fig. 4 were compared as to initial austenite 
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grain-size (i.e. before coarsening ) and were found to be as folloy 






Size of Per Cent 




















Initial Manner of A.S.T.M. Coarsened 
Austenite Cooling Rating at 2100 Degrees Fahr. 
Coarsest Furnace 6to7 50 
Next finer Water 7 10 
Next finer Oil 7to8 25 
Finest Air 7to8 75 





There is thus no regular relationship between the initial austenite 
grain-size and the amount of coarsening at 2100 degrees Fahr. (1150 
degrees Cent. ). 

A similar examination of the samples of Fig. 6 and 7 gave the 
following data. 






Fig. 6, Steel Number 4 













Size of A.S.T.M. Rating Per Cent 
Initial Manner of of Initial Coarsened 

Austenite Cooling Austenite at 2000 Degrees Fah: 
Coarsest Original billet 5 to 6 10 

Next finer Water, once 6 to 7 30 

Next finer Air, once 7to8 75 

Next finer Air, three times 7to8 95 

Finest Water, three times 7to8 55 








Fig. 7, Steel Number 5 







Size of A.S.T.M. Rating Per Cent 
Initial Manner of of Initial Coarsened 
Austenite Cooling Austenite at 2000 Degrees Fahr 











Coarsest Original billet 5 to 6 15 
Next finer Air, once 7 25 
Next finer Water, once 7 5 
Next finer Air, three times 7to8 95 
Finest Water, three times 7to8 45 





It is thus seen that there is no regular relationship between the 
grain-size of the initial austenite and its susceptibility to coarsening. 
urther, if the grain-size of the initial austenite were the only deter- 
mining factor in any one steel, then the increase in coarsening would 
follow similar trends for all prior heat treatments; that is to say, 
a treatment which produced more coarsening at 1900 degrees Fahr. 
(1040 degrees Cent.) would produce still more at 2000 degrees 
Kahr. (1095 degrees Cent), and the curves in Figs. 4, 6 and 7 
would have about the same shapes. The departure of the quenched 
specimens from the remaining regularity shows that this is not the 


case. One seems warranted in concluding that the heat treatment 








has affected the degree of dispersion of the grain growth inhibitors 
in the steel, and that this effect is superimposed on the effect of initial 
austenite grain-size, the two effects combining to influence the 
coarsening temperature. 
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kcTr OF Hor WorRKING ON COARSENING TEMPERATURE 





In considering these influences on the coarsening temperature, 


now an easy step to the next factor, namely hot working. From 





nature of the changes which may be effected by hot working, one 


+} 
it 


would be prepared to find some influence on the coarsening temper- 





Hot working effects a certain amount of grain refinement, 





ature. 
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Fig. 8—Steel No. 3 (Table I) Showing the 
Results of Prior Hot Working on the Case. 














and it is readily conceivable that it would affect the degree of dis- 


persion of some grain growth inhibitors. At any rate, effects on 





the coarsening temperature have been encountered, and a series of 





tests is summarized in Figs. 8 and 9. Steel Number 3 of Table I 






was used in the form of 6x6-inch billets. Five pieces of billet were 





heated to 2300 degrees Fahr. (1260 degrees Cent.) and held for 





several hours. One piece was then removed from the furnace and 






merely cooled in air, another was forged to 4 x 4 inches and cooled 





in air, and the others to 2x2, Ixl and 4%x"™% inches respectively. 





Samples from these five sizes were then tested for austenite grain 





coarsening in the way already described, and the results are plotted 





in Figs. 8 and 9. In the carburized case, Fig. 8, it is seen that as 





the hot working continues (i.e. as the cross section of the steel is 





reduced) there is a progressive lowering of the coarsening temper- 





Bs ature and increased susceptibility to grain growth. It is perhaps 





vorth pointing out that at 1700 degrees Fahr. (925 degrees Cent.) 






4 
4 the usual temperature for the McQuaid-Ehn test) the “%x'%-inch 
3 Me 


ze began to coarsen, whereas all other sections were still fine, 1.e., 





AVR ny Pye re 





874 TRANSACTIONS OF THE A. S. M. Dy = 





they were still at the size of the initial austenite grains. In the uncar- 
burized core, Fig. 9, hot working has likewise lowered the cos 
ing temperature, though it will be seen that the two largest sizes | 
have similarly, and that the three smallest sizes behave rather 


there being considerable disparity between the two groups. 


\USTENITE GRAIN GROWTH AND THE McQuatp-Eun Tes 





It becomes possible now to assemble the known laws of austenite 


grain growth, and to point out their bearing on interpretations of the 
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No. 3 (Table 1) Showing the Results of 
Priot 


Working on the Core. 





MeQuaid-Ehn test. (These laws apply more particularly to the lower 
carbon steels, perhaps under 0.50 per cent carbon.) 












1. Austenite may coarsen anywhere in the range of temperature 
from about 1500 to about 2100 degrees Fahr. (815 to 1150 degrees 
Cent.). If the McQuaid-Ehn test shows grain-size in the range 


from number 5 to number 8, the steel is probably still at its initial 
austenite grain size at that temperature (1700 degrees Fahr.). It 
the test shows coarser grains (number 1 to number 4), the chances 


are that the steel has coarsened. 


2. After carburizing in pack carburizer, the austenite grain 


size of the case may be finer than the austenite grain-size of the 


(14). 


initial austenite grain-size, while the core has coarsened. 


core 





This means almost invariably that the case is at its 
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ar 3. The austenite grain-size of the case may be coarser than the 
en tenite grain-size in the core (15). Such a circumstance means 
be that the case has coarsened while the core ts still at its initial austenite 
ike, 1-S1ze. 


Normalizing may make a finer MecQuaid-lhn grain-size, 
ticularly in alloy steels such as nickel, nickel-molybdenum and 
ckel-chromium steels. In this case the normalizing has caused the 
rite grains in the steel before carburizing to be finer, and as a 
ult (15) the initial austenite grains are finer. ‘The coarsening 
temperature has not been reached. 

5. Cold work may lead to a finer MecQuaid-Ehn grain size 
ly the same mechanism as in Item 4, i.e., by making finer ferrite 
‘rains. 

6. Normalizing may on the other hand also lead to coarser 
MeQuaid-Ehn grain-size. Normalizing causes a lowering of the 
coarsening temperature, and if in any particular steel the normaliz- 
ing has so lowered the coarsening temperature that the steel coarsens 
at 1700 degrees Fahr. (925 degrees Cent.) while the unnormalized 
steel fails to coarsen, then the normalized steel will be coarser in the 
\cQuaid-Ehn test than the unnormalized. The same comments ap- 
ply to any heat treatment that lowers the coarsening temperature. 

7. Hot work may make a somewhat finer McQuaid-Ehn 
erain-size, depending partly on the finishing temperature. The 
mechanism is the same as in Item 4, 1.e., it makes finer ferrite grain- 

e, while the coarsening temperature has not been reached. 

8. Hot work may lead to coarser McQuaid-lthn grain-size. 
Hot work frequently lowers the coarsening temperature, and if it 
lowers it to below 1700 degrees Fahr. (925 degrees Cent.) while 
the original steel fails to coarsen at this temperature, then the hot 
worked steel will be coarser in the McQuaid-lthn test than the orig- 


inal steel, 
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DISCUSSION 





of carburized steels, showing a relation between the microstructure of 
a piece cooled slowly from the carburizing and the hardness of a com 
panion piece quenched trom the carburizing his is the first recorded 
work on the effect of austenite grain size in hardening 







( Bain, “Factors Affecting the Inherent Hardenability of Steel”, 
PRANSACTIONS, American Society for Steel Treating, Vol. NX, No. 5 
Nov., 1932, p. 385-428 \ beautitul exposition of the hardening of 
steel, summarizing his own previous data and adding new data on the 
effects of alloys, of grain size and ot “abnormality.” 











\). A. Grossmann, “On Grain Size and Grain Growth’, TRANSACTIONS. 
American Society tor Steel Treating, Vol. XXI. No. 12, Dec 1933, 
p. 1079-1104. A study of the mechanism of the formation of austenite 







grains and the manner in which they coarsen 


DISCUSSION 







BravLEY STOUGHTON :’ It seems to me that some comment should be made, 






perhaps by Dr. Grossmann or others, in a more extended way on the WMpor 


tance of their findings concerning the influence of the extent of reduction in 





rolling from the ingot on the qualities of the steel. It was formerly believed 





that a piece ol steel must be reduced at least four to one from the ingot before 





it reached its highest quality. Then a committee of some of the steel com 


it 





panies a few years ago, under the auspices of the American Society for Testing 





Materials, studying the matter very carefully came to the conclusion that while 





the properties of ultimate strength and elastic limit were not greatly altered, 





the ductility was improved if the reduction was three to one instead of four to 


\ 





on \ good many consumers did not change their practice, however, and still 





require a reduction of four to one. Even as late as the past two weeks there 





was something published in the technical literature, as many of you have noticed, 





in which another investigator pointed out the conclusion he had reached that 






i 
+} 
ul 


iree to one reduction was better than four to one reduction. Dr. Grossmann 





has certainly brought out some striking evidence in favor of less reduction with 





consequent less liability to coarsening. 







Author’s Reply 






| would like to say just a word about this very interesting point brought 





up by Professor Stoughton. It seems to me that there are several things to 





be kept in mind in considering the amount of reduction and one of them is the 





directional properties. As Charpy showed a long time ago, impact tests at 





least, and assuredly other properties as well, vary depending on the direction 





which the test piece is cut, and as shown in Charpy’s work, the greater the 








; nount of reduction the greater was the increase in impact value when the 
. t piece was cut with the direction of rolling, and the greater the decrease in 
, npact value if the test piece was cut across the direction of rolling, and it may 
F 





vell be that for some purposes a three to one reduction would be better than 









Bethlehem, Pa 





Professor of Metallurgy, Lehigh University, 
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four to one if test pieces and tests were made transversely, whereas th 


might be true if the tests were made longitudinally. 
In regard to the matter of coarsening, there is no question that 
grades of steel, at least (although we believe not in all grades), the c 


temperature is substantially lowered by extensive hot-working. 














GENERAL RELATIONS BETWEEN GRAIN-SIZE AND 
HARDENABILITY AND THE NORMALITY OF STEELS 
















By E. S. DAVENPORT AND E. C. BAIN 











Abstract 






This paper deals with steels which, although of simi 
lar composition, yet develop different characteristic aus 

tenite grain-size at various heating temperatures alike for 

all. These individual grain growth tendencies correlate 
well with hardenability and certain mechanical properties, 
the coarser grained steels being, in general, deeper hard 

ening and less tough. 

Methods for estimating grain-size in various types of 
steel are described as well as the factors controlling the 
grain growth characteristics. It is believed that dispersed 
particles are the primary cause of restricted grain growth 
and that these obstructions, acting also as transformation 
nuclei, accelerate transformation and hence decrease hard 
enability; for this reason hardenability and austenitic 
grain-size at the hardening temperature are closely corre 
lated. 

A manifestation of the nucleation effect of dispersed 
pariicles 1s found in low carbon steels, case carburized 
and slowly cooled. An explanation of the so-called 
“normal” and “abnormal” structures found in the hyper 
eutectoid case 1s offered. 























INTRODUCTION 


r YO MANY experienced in hardening steel there is nothing really 


new in the thought that the characteristics of steel may vary from 





lot to lot in a manner not to be explained by the corresponding varia- 





tions in the composition of the steels as reflected in the ordinary 





f chemical analysis. Many authentic instances have been recognized 





in which entirely satisfactory and utterly unsuitable heats of equally 





sound steel have, upon analysis, been found to differ in composition 





only within the allowable limits. Even now, with improved and 






extended methods of analysis, it is questionable whether or not the 










\ paper presented as part of the Grain-Size Symposium of the Sixteenth 
nual Convention of the Society held in New York City the week of October 
1934. The authors, who are members of the Society, are associated with the 
earch Laboratory of the U. S. Steel Corporation at Kearny, N. J. Manu 
ript received July 5, 1934. 
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precise behavior of a steel could be predicted from a knowledge oj 
its composition alone; usually the analysis is sufficient for most pur- 
poses, but in instances wherein the hardening characteristics mys 
be very closely controlled, factors other than the usual re; 


orted 
analysis must be recognized. 





At one time it was regarded as necessary to melt certain grades 
of tool steel in crucibles even though equally clean steel of the same 
nominal composition could easily be produced from electric furnace 
or open-hearth ingots. 












The reason was that the electric steel when 
heat treated in the same standard way simply did not yield tools with 
the same depth of hardness, or the same toughness, found in the 
crucible steel. There has undoubtedly been some reluctance toward 
the recognition of factors, other than the composition of the steel 
in the customary terms of C, Mn, Si, Cr, Ni, P, S, ete., which may 
influence the hardening characteristics, and hence the final proper- 
ties, of steel as much as does a fairly large change in composition. 
However, it is now possible to sum up a large part of the observations 
with respect to the extra-analytical variables in steel in a simple way. 

Briefly, steels of substantially identical composition differ with 
respect to the extent to which they coarsen at the various tempera- 
tures to which they may be heated in working and in hardening; 







those steels which do not coarsen are in general less deeply harden- 
ing and tougher even when hardened through and through in small 
sections. 







The tendency to resist coarsening at high temperatures 
can be developed in carbon steels as desired by 





conditioning the mol- 
ten steel ready for casting into ingots, so that for a specified subse- 







quent schedule of workings and heatings the steel will possess, within 
limits, the desired grain-size. For a large majority of purposes the 
tougher steels are to be preferred, though not for all; where easy 
machinability is of paramount importance the structures resulting 
from the coarser grain may be more suitable. 









Before attempting a detailed discussion of the effects of grain- 
size upon the properties of steel it is clearly necessary to set forth 
precisely the meaning of grain and grain-size insofar as this enquiry 
is concerned. With respect to hardenability, “timbre,” 





" person- 
ality,”” grain-size control, etc., the grains under discussion are those 
of the austenite, at the heating temperature, from which the final 
structure under observation is 






formed. 





By grain-size is therefore 
meant the grain-size of the austenite established just prior to the 
significant cooling operation. 





In general this is the final heating 





heating, 
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GRAIN-SIZE AND 


ation for hardening by quenching but it may refer to a prior 


heating, as in normalizing, if the matter of “inherited” influence is 


under discussion. 


What is specifically not meant by grain-size is a ferrite grain- 
size, for example, in a low carbon steel, which influences drawing 
properties ; or the size ot the roughly triangular pearlite patches often 
found in a medium carbon steel. In eutectoid pearlite, it is difficult 
to imagine what could be considered as a grain: the single lamina of 
ferrite or carbide?, the portion of pearlite from a single transforma- 
tion nucleus ?, or the ill-defined portion which resulted from an entire 
austenite grain? In this discussion there will be no occasion to refer 
to any grain other than that of austenite; henceforth, grain-size 
means the grain-size of the austenite established just prior to the 


cooling which set up the final structure under consideration. 






ESTIMATION OF GRAIN-SIZE 





In correlating the properties of steel with the degree of coarsen- 
ing of the austenite at the heat treating temperature, it is first of all 
necessary to have a method of measuring reliably the actual grain- 
size established in the significant heating operation. The grain struc- 
ture must be well marked out in a specimen at ordinary temperature, 
and therefore no longer austenitic, which can be examined under the 
microscope, for clearly it is impracticable to examine the specimen 
at the heating temperature just prior to cooling when the austenite, 
with its grain-size upon which in part the subsequent behavior de- 
pends, is actually established. This is not entirely easy, for in some 
cases, the structure formed during the transformation occasioned 
by cooling does not in any way reflect the grain-boundaries of the 
parent austenite. For example, in either the martensite (or its tem 
pered products) or in the pearlite of approximately eutectoid com 
position it is frequently quite impossible to discern the location of 
the austenite grain boundaries. In certain slowly-cooled, low carbon 
steels the ferrite-pearlite patchwork seen in the microscope bears no 
apparent relation to the pattern of the austenite grains. Neverthe- 
less, in practically any steel the austenite grain structure can, with 
some expenditure of effort, be marked out in an unequivocal manner. 
The most important consideration in making an estimation of 
austenitic grain-size is the choice of the temperature and time at tem- 
perature employed in the test, so that it duplicates closely the condi- 
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tions under which the significant heating will be carried out ; 


n the 
commercial use of the material. 


The necessity of this practice wij 
become more evident as discussion proceeds. 


’ 
Li 


The following methods have been found entirely satisfactory ; 


determining the grain-size in the various carbon ranges. 

Distinctly Hypereutectoid Steels. In most cases, particular} 
with plain carbon steels, it suffices merely to cool the specimen in air 
after heating substantially according to the schedule contemplated or 
observed in the commercial operation under consideration. The 
specimen, which may vary from perhaps a quarter-inch section to a 
small billet, may be cooled at any moderately slow rate, and about 
each austenite grain a continuous envelope of carbide will be formed 
which offers sufficient contrast to the pearlite to make grain-size esti- 
mation quite feasible. 

If the steel contains considerable alloy or if it is only slightly 
hypereutectoid it may be necessary to transfer the specimen, after 
heating and prior to final cooling, to another furnace or bath at a 
temperature just above A, for several minutes to insure the forma- 
tion of the intergranular carbide network. The ideal cooling rate 
is then that which will form a black-etching pearlite of finest lamellae; 
in the larger sections an oil quench is often effective. In some alloy 
steels martensite may form, in which case contrast between network 
and groundmass may be developed either by tempering and etching 
with alcoholic nitric acid or by etching in boiling sodium picrate 
solution. The austenite grain of a hypereutectoid steel is marked out 
in typical manner in Fig. 1. 

Moderately Hypoeutectoid Steels. In many cases in which the 
volume of proeutectoid ferrite is inherently comparatively small the 
same general procedure as for hypereutectoid steels may be effectively 
employed. The network marking out the austenite grain will, in this 
case, be ferrite and the etching technique is appropriately selected. 
Likewise, if the steel is only slightly hypoeutectoid a brief halt in the 
cooling at a temperature just above A, will aid in forming a more 
nearly continuous network of contrasting ferrite. Fig. 2 shows the 
austenite grain marked out in typical manner in a hypoeutectoid 


carbon steel of about 0.45 per cent carbon. When the carbon content 


of the steel is much lower with respect to the eutectoid composition 
good results may usually be secured by halting the cooling at a tem- 
perature just below A, and then cooling rather more rapidly than for 
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Fig. 1—Microstructure of Hypereutectoid Steel Showing Austenite Grain-Size Marked 
by Carbide Network. x 300. ; 
Fig. 2—Hypoeutectoid Steel Showing Austenite Grain-Size Marked Out by Ferrite 
twork, x 300. 

Fig. 3—Eutectoid Steel, Cooled at Rate Just Less than Critical Quenching Speed, 
wing Austenite Grain-Size Marked Out by Fine, Nodular Pearlite Network. lade 
Fig. 4—Mixed Grain-Size in Hypoeutectoid Steel as Marked Out by Ferriie Net- 
rk. X 300. 
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eutectoid compositions, e.g., by an oil quench; the network is ¢| 
rendered more narrow and clean cut. 

Low carbon Steels. 




















fest in the austenite grain-size of ordinary low carbon steels othe; 





than steels to be case-carburized in use; such steels should, of course. 





be carburized in the test for grain-size and treated thereafter as hy 
pereutectoid steels. 











When, however, it is desired to observ this 
feature it may be accomplished in the following manner. A moder- 
ately small sample is preterable; it is cooled from the appropriate 
heating temperature to somewhat below the A, temperature where 
it is held for a few minutes to establish a ferrite network. 
then quenched as rapidly as possible. 

















It is 
[f not too low in carbon a 
subsequent tempering will produce a dark etching groundmass, par- 
ticularly if the boiling sodium picrate solution is used as an etching 
agent. 

















In some cases, when the carbon content is very low, only the 








texture of the etched surface serves to mark out the network and 





considerable patience and experience may be required to estimate 
the grain-size. 
Eutectoid Steels. 








With no proeutectoid constituent to form in 
the grain-boundaries of the austenite, the grain is often obliterated 











with the transformation, either to pearlite or to martensite, or its 
tempered products. 








Hlowever, one characteristic of the transforma 
tion to fine pearlite serves to mark out the grain boundaries with 
remarkable clarity; the transformation invariably begins in the 








erain 


boundaries at a number of points acting as nuclei. 








Accordingly, if 
the steel is cooled at a rate just less than the critical quenching speed, 








the microscopic specimen shows clearly where the boundaries of the 
parent austenite lay. 











lor any eutectoid carbon steel a specimen of 
suitable size may be chosen for quenching so that at some point in 





its section the cooling must have been at the optimum rate. The 








etched section then reveals the grain-size as in the photomicrograph 





of Fig. 3; the groundmass is martensite and the nodules in the grain 
boundaries are fine pearlite. 





In rare cases of rather high alloy steels 
this type of demarcation of the grains may have to be secured by 
cooling the specimens quickly into a lead bath for a determined 
interval at a temperature some 100 to 200 degrees Fahr. (50 to 100 
degrees Cent.) below the A, to permit the desired degree of trans 
formation to fine pearlite to occur, after which the specimen is 
quenched into water to insure that the remainder of the specimen 
becomes martensitic. 
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\nother procedure for grain demarcation in eutectoid steels 1s 


-ibed by Grossmann! as having been devised by Miss M. 


evertz. In this case a special polishing and etching method ap 


d to the wholly martensitic specimen causes a satisfactory degree 
‘ntrast between the groundmass and the material in the vicinity 


ot « 
of the former grain boundaries of the austenite. 

\]l schemes for marking out the grain boundary pattern of 
austenite ready to be suitably cooled depend upon causing a specilic 
reaction to occur at the boundaries different from that in the ground 
mass of the grains; the differential attack of the etching then develops 
the required contrast for the examination of these patterns. 

When the representative specimen of the steel has been so pre- 
pared that the grain boundaries of the parent austenite are set forth 
with adequate contrast, the next step is the estimation of the grain 
size. This is most directly accomplished by counting the grains in a 
definite known area; with experience, the mere observation of the 
image of the etched surface at a determined magnification on the 
sround-glass permits an approximate estimation of grain-size. A 
somewhat more reliable method is the comparison of the image with 
a series of standard photomicrographs of known grain count. Such 
standards for comparison are available, either actual photomicro- 
sraphs or idealized hexagonal patterns. The numbered charts of the 
American Society for Testing Materials are based upon the number 
of grains per square inch of the image at a magnification of > 100. 
These grain-size designations are now in wide use for steel although 
in nonferrous work the number of grains per square millimeter, or 
the average area of each grain on the section, is more often used as 
a basis of comparison. The following table shows the range of 


tone 


grains per square inch at 100 covered by each number and the 


mean value. 


Grain-Size Number of Grains Per Square Inch at X 100, n 
Index, N Mean Max. Min. 
1.5 +e 
3 1.5 
6 3 
12 6 
16 24 12 
32 48 24 
64 Y6 
128 


Obviously the basis for this system is, 


IM. A. Grossmann, “On Grain-Size and Grain-Growth.” NSA( ns, American 
ety for Steel Treating, Vol. XXI, No. 12, 1933, p. 1079. 
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Accordingly, if larger or smaller grains than those encompas 


, + 
i in 


this series are encountered they can easily be designated in a 
sistent manner; as for example: 





Grain-Size Number of Grains Per Square Inch at X 10 


Index, N Mean Max. Min 
Z 1g or 0.125 0.17 U.O8 

l 4 or 0.25 0.35 0.17 

() Y, or 0.5 0.7 0.35 

2 256 384 19) 

10 512 768 384 

11 1024 1536 768 


It may, at times, be convenient to utilize higher magnifications 
than 100 for fine-grained structures and lower magnifications for 
the coarsest structures. In that case the comparison may still be 
made directly with the standard charts except that for each doubling 
of the magnification above * 100 the apparent grain-size must be 
raised by two numbers. Thus if a structure at & 400 matches the 
No. 2 chart then its grain-size is 6. If the match is with No. 3 ata 
magnification of 50 then its grain-size is really 1. Similarly a 
shift in grain-size of one number corresponds to a change in magni 
fication by the factor \/2 or 1.4. 

Grain-size estimation involves certain matters of judgment due 
to the random cutting of the component grain envelopes. Inevitably 
even large grains will be sectioned occasionally through a corner in 
such a manner that the traces of its boundaries will enclose a very 
small area. Accordingly, no note should be made of an occasional 
small grain. On the other hand, it is quite usual to find steels in 
which a range of grain-sizes actually exists, or, more often, two domi- 
nant distinct sizes of grain. If more than two or three contiguous 
small grains are found together then there must necessarily be really 
finer grains present and this fact should be noted. As well described 
by Grossmann, the formation of large grains occurs by the gradual 
absorption of the small ones first formed as the ferrite and carbide 
disappear, and accordingly there are frequent occasions when a 
mixed grain must inevitably be encountered. The present authors 
have found it convenient to note these mixed structures in one of two 
ways. When there appears to be a full representation of sizes over 
a definite range the designation is 3 to 4, 4 to 6, etc., and if the 
coarser grains predominate the smaller number may be underscored; 
when two dominant sizes appear as in the usual intermediate stage of 
coarsening it is useful to indicate the proportion, for example, 60% 
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3 or 30% 6, 70% 2. Thus in the hypoeutectoid steel of Fig. 
examination of many fields, such as the one in the photomi 

nh at & 300, indicated a grain-size rating of 25% 1, 75% 6. 

\ common criterion of “fineness” and ‘“‘coarseness” has tradi- 
ily been employed by steel workers, which consists of a compari- 
of the textures of fractures. It appears that the fracture, if it 
sults from breaking in the brittle manner, 1.e., without permanent 


( 


leformation, is made up of transgranular facets which in general 


riginate from the austenite grains. Certainly the texture of a mar- 


tensitic fracture correlates with austenitic grain-size, and probably 


a restricted range of carbon content the “brittle” fracture reflects 
ustenitic grain-size even in conditions other than martensite. 


GRAIN-SIZE AND GRAIN GROWTH TENDENCY 


A definition of the word “grain-size” for present purposes has 


already been set up. It describes a single, definite state of affairs 
as found in a specimen. Different steels at the same temperature 


after the same time interval may possess different grain-size, or the 
same steel after equally long heatings at different temperatures will 
develop grains of different size. It has been observed that some 
steels coarsen at the customary, relatively low heating temperatures, 
while others may remain fine-grained when likewise heated. A broad 
classification may thus be made, if finer discrimination is unnecessary, 
by designating the steels as having either marked grain growth tend- 
ency or restricted grain growth tendency, but such categories are not 
useful unless the temperature range is understood to be restricted 
in a recognized manner. Unfortunately, the terms are abbreviated 
sometimes to merely “coarse-grained” and “fine-grained” with no 
mention of temperature. However, where steels are to be heated by 
. well-recognized schedule no ambiguity results from using the terms 
“inherently fine-grained” or “inherently coarse-grained”’ steel. 

The complete description of the grain-growth tendencies of a 
steel, even if it is to be conventionally heated for a reasonable period, 
is only fully set forth by a table, or chart, of the grain-size acquired 
in this heating at a series of temperatures. A series of such figures 

ra number of steels selected at random appears in Table I. 

The evidence is quite complete as to the inherently fine-grained 

el being shallow hardening as compared with the inherently coarse- 


uned steel when identically treated. As an example, the compari- 
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irves of Fig. 5 based upon substantially identical compositions 
rate this very well. 

[f now, grain-size is a really significant factor in the harden- 
ty, and not merely an attendant circumstance, then a single steel 
d be capable of exhibiting an increasing depth of hardening 


identical quenches if the austenite grain-size is caused to be 


I55O0°F. Quench 


Coarse —” 
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Fig. 5—Curves Showing Depth of Hardening in Identically 
OQuenched 7%-Inch Rounds of Fine-Grained and Coarse-Grained Steels 
of Substantially Identical Composition. 


come successively coarser. Accordingly, before considering the 
steels of inherently different characteristics it may be well to examine 


critically the effect of grain-coarsening upon individual steels. 


CORRELATION OF ACTUAL GRAIN-SIZE AND HARDENABILITY 
OF A STEEL 


It is an extremely old observation that a steel as quenched from 
higher and higher temperatures into water or brine became suc- 
cessively more and more deep hardening. In most quarters the in- 
‘uence of the higher heating temperature to bring about a more 

ipid quench, and so to force the critical quenching speed to deeper 
nes, was emphasized whereas possible changes in the steel itself 
veloped by the higher heating temperatures were often minimized 
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or neglected. It appears now that this emphasis was in error, 7 
point may be investigated rather easily. 


lf a number of 4 or 5-inch lengths, for example, of 


rounds be cut from the same bar they may be assumed to be . sen 
tially identical. In order to est: iblish a still closer degree of 

formity they may be given a high temperature normalizing trea 
ment or better still, an oil quench. Suppose then that all the speci 
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Fig. 6—Effect of Quenching 


lemperature Alone Upon the Harde1 
ibility of Two Steels 


Having Each a Constant Grain-Size 
























Hardness 
Values for the Various Quenching Temperatures (1600-1375 Degrees 
ahr.) all Fall Within th Narrow Black 


Bands. 






mens are heated to some 1600 degrees Fahr. 


(870 degrees Cent.) 
for precisely the same time: 


they will then have the same austenite 
grain-size. They may now, however, 
temperatures into brine by 
sively adjusted to each of 
1375 and 1600 degrees Fahr. 


be quenched from different 
transferring each to a lead bath succes 
a series of temperatures—say between 
(745 and 870 degrees Cent.), for a few 
minutes before quenching. 

The results of such an investigation are shown in the har 


Iness 
plots of ig. 6 


in which both a shallow hardening and a medium 
Selatan steel were heated to 1600 degrees Fahr. t 
grain-size and then quenched from 1600, 1525. 
Fahr. (870, 830, 790. 745 degrees Cent. ). 
overlap and the envelope of 


to establish the 
1450 and 1375 degrt es 
The single hardness plots 
all is shown by the solid black band. 
The width of this band is little greater than the 


inherent error of th 
method and there is no definite trend in the 


individual plots encom 
passed in the band. 


Hence one may conclude that the actual quench- 
ing temperature, so far as water or 


brine is concerned, plays a minor 
role indeed in hardenability, 


but that the heating temperature which 
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shes the grain-size is the significant factor. The work of Scott? 
ites of cooling in quenching would indicate such a state of affairs, 
these findings were therefore predicted. 

By a change in procedure, it is possible to quench from the sam 


mperature, a series of specimens differently coarsened but as we 
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Fig. 7—-Hardenability of a Single Steel as Affe: 
creasing Austenitic Grain-Size 


have seen this is not entirely necessary since actual quenching tem 
perature has so little effect in a brine quench. 

\ typical example of the effect of a gradually coarsened grain 

n hardenability is shown in Fig. 7. The actual grain-size is tabu- 

d for the corresponding hardness plot. A very simple demon- 


ward Scott, ‘‘Some Problems of Ouenching Steel Cylinders.” TRANSACTIONS, 
n Society for Steel Treating, Vol. XXII, No. 1, 1934, p. 68 
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mber 


stration of increased hardenability resulting from a coarsened 
is shown in Fig. 8 in which both the fracture and the polish 


and 
etched sections of the specimen as well as the hardness plots are jy 
cluded. 


The hardenability of a steel is a function of its rate of trans- 
formation, in the early stages, at the temperature at which this rat, 
is a maximum, usually in the vicinity of 1000 degrees Fahr. (540 
degrees Cent.). This relation has been discussed in considerable de- 
tail elsewhere® and will not be further treated here. It is, however. 
significant that the rate of transformation of a steel at constant 
subcritical temperature, some degrees below the A, temperature, 
depends upon the grain-size established in the austenite just prior 
to the rapid cooling to the temperature of actual transformation. In 
Fig. 9 is shown the actual course of transformation in a series of 
specimens of a 1.17 per cent carbon, 0.30 per cent manganese stee! 
with austenite grain-size as indicated. It is interesting to note that 
a change in grain-size from No. 8 to No. 2 to 6 retards the trans- 
formation as much as would result from the addition of perhaps one 
per cent manganese at constant grain-size. 

from observations of this sort, which have been made on a wick 
variety of steels, it appears that there can be little question of the 
validity of the correlation between established grain-size, rate of re- 
action, and the attendant hardenability of a steel. 


INHERENT GRAIN-GROWTH TENDENCY 


As far as one may judge, the high carbon steels of older pro- 
duction, particularly those made with the greatest care and marketed 
as tool steel, were often prone to coarsen if heated very much abov 
the minimum temperature which sufficed for hardening. It is not to 
be wondered at that the heat treater with a good eye for tempera- 
ture, and thoroughly experienced with respect to the time limita- 
tions for heating, was envied and proud of his skill, for it is prob- 
able that temperatures much above about 1450 degrees Fahr. (79 
degrees Cent.) were often dangerous and at the same time, full 
hardening could scarcely have resulted from a heating below about 
1400 degrees Fahr. (760 degrees Cent.). The range was narrow, 


*E. C. Bain, (Campbell Memorial Lecture), “Factors Affecting the Inherent Harden- 
ability of Steel,’’ Transactions, American Society for Steel Treating, Vol. XX, No. ll, 
1932, p. 385. 

E. C. Bain, “On the Rates of Reaction in Solid Steel.” Transactions, American In 
stitute of Mining and Metallurgical Engineers, Vol. 100, Iron and Steel Division, p. }¥. 
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Fig. 8—Hardenability of a Single Steel as Affected by Coarsening Treat 
ent. G. S. of 5 in the Deep-Hardened Specimen Established at 1800 Degrees 
ahr. (980 Degrees Cent.); G. S. of 8 in Shallow-Hardened Specimen Established 
it 1550 Degrees Fahr. (840 Degrees Cent.); Both Quenched from 1375 Degrees 
Fahr. (745 Degrees Cent.). 


|, if the upper limit was exceeded, the resulting tool would be 
essively brittle, if indeed it did not crack in the water quench. 
\ marked improvement resulted from the use of higher manganese 
tent which permitted the use of an oil quench; this steel even 
ugh somewhat coarsened, was less disposed to crack in the milder 
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Particularly with respect to the water-quenching carbon steels 
the observation was long’ ago made that the steels to which a smal! 
proportion of vanadium was added were often more shallow-hard- 
ening, and quite properly the extra toughness was attributed to this 
circumstance. 





a Single 


The temperature range for hardening these inex; 
oil-quenching steels carrying higher manganese was still son what 
narrow, for the toughness of the coarsened steel was not invariah) 
adequate. Other alloying elements were employed such as tungst 
chromium, and vanadium, which restricted the coarsening and wid. 
ened the safe heating range; 


1250 FF. | 





Transformation 
Steel as Affected by 


particularly with vanadium additions to either the water-hardening 
carbon steel or the oil-hardening intermediate manganese steel. 


Thus, although the subject appears not to have en 
gaged much critical attention up to the last few years, the paralle! 


entirely escape notice even many years ago. 
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the toughness was definitely improved 
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between hardenability and the grain-coarsening tendencies did not 


Shallow hardening is readily explained without recourse to a 


low to dissolve nearly all of the carbide present. 


appears also to 


consideration of the grain-size in all cases in which the retention of 
fine grain structure in the austenite accompanies the presence of 
fairly large amounts of strong carbide-forming elements, as iv 
tungsten- and molybdenum-bearing steels. heated to a temperature to 
The resulting low 
carbon content of the austenite in itself explains the low harden- 
ability although the presence of the carbide particles 


















10—Grain-Size Characteristics in Unkilled and Aluminum-Killed 0.39 Per Cent 
Steels as Identically Quenched from 1600 Degrees Fahr. (870 Degrees Cent.) 
varse-Grained, Unkilled; Right—Fine-Grained, Aluminum-Killed. Microstruc 
1 the Interior of Quenched 1-Inch Rounds 100. 


restrict grain growth. It is more interesting, however, to consider 
the disparity in hardenability between two very similar plain carbon 
steels which under the same circumstances develop different sizes of 
austenite grain. 

\ very simple example of this comparison is afforded in the 
steels developing, as identically quenched, the contrasting structures of 
lig. 10. These two steels originated from the same experimental 

it of a 0.40 per cent carbon steel. Half of the steel was cast with- 
out any deoxidation. Mild effervescence occurred and since proper 
rimming action naturally could not be established, most of the ingot 
was merely a sponge. However, a portion of the ingot at the bot- 
tom was fairly sound and this was forged to l-inch rounds. The 
remainder of the heat was killed with aluminum ; the proportion added 
being about 8 ounces per ton. The analysis of the bars is as follows: 
& Mn , S Si O,* NE 
d 0.39 0.09 0.007 0.012 0.002 0.010 0.0026 
killed 0.37 0.11 0.006 0.010 ().004 0.015 ().0043 
Oxygen’? was determined by the high temperature hydrogen-reduction method of 


ind Brower. Quite clearly no correlation between grain-size and this readily dis 
xygen is to be expected. 
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Presumably about two points of carbon were lost as CO in 
tervescing. In the unkilled steel there were indications of some jrop 
oxide inclusions but in the killed steel none of them were found. A, 
heated to 1600 degrees Fahr. (870 degrees Cent.) the killed 
developed an austenite grain-size of No. 7 while the unkilled 


Stee] 


S 


ee] 
had largely coarsened to a No. 1 size, and as quenched in the form 


of disks 14 inch thick, the unkilled steel hardened throug! 
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Fig. 11—Hardenability of the Unkilled and 
Aluminum-Killed 0.39 Per Cent Carbon Steels of 
Fig. 10 as measured by the Proportion of Martensite 
and Fine Pearlite in %-Inch Disks Quenched from 
1600 Degrees Fahr. (870 Degrees Cent.). 








through with only 2 per cent fine pearlite in the center while the 
killed steel hardened only near the surface as indicated in Fig. 11. 
The profound change in hardenability resulting from the addition 
of 0.025 per cent aluminum implies a distinct change in actual trans- 
formation rate. 












Confirming this, the actual course of the transforma- 
tion of the two steels at 1275 degrees Fahr. (690 degrees Cent.) as 
heated alike to 1650 degrees Fahr. (900 degrees Cent.) is shown in 
Fig. 12. The transformation rate of the killed steel is roughly twice 
that of the unkilled steel. 
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Similarly in a tool steel composition range two steels of similar 
osition exhibit a markedly different grain-growth pattern and a 





responding disparity in depth of hardening. The analytical data 





the two steels are as follows: 













. Mn Si e 5 Ni Cr Al 
Coarse-Deep 103 023 O16 0.014 0.017) 0.10 0.06 0.001 
Fine-Shallow 108 0.23 0.08 0.012 0.006 0.03 O12 0.015 





The grain established at various temperatures is shown in the 








following tabulation : 











Temp. Temp. 
Degrees Fahr. Degrees Cent. Coarse-Deep Fine-Shallow 
1500 815 5 to 6 7 
1550 845 3 6 
1600 870 3 (90% 3 
| 10% 7 
1650 900 2to3 3to4 
1700 925 2to3 3 
1750 955 lto3 3 
1800 980 lto3 3 






The comparative depth of hardening resulting from two tempera- 
tures of heating, 1500 and 1600 degrees Fahr. (815 and 870 degrees 
Cent.) in brine-quenched 1-inch rounds is shown in Fig. 13. <A dif- 






ference in physical properties in the two steels, as hardened through- 





out, will be mentioned subsequently. 
The decrease in hardenability resulting from the restriction of 






grain growth may be offset in a steel of the same carbon content by 





the introduction of some element, such as manganese, which, by its 





retarding influence upon the transformation, contributes strongly 





to greater hardenability. As an example of this manganese effect, 
the behavior of three nominally 0.72 per cent carbon steels,° the one 






carrying higher manganese, is set forth in the hardness plots of Fig. 
14. The grain-size established in the three steels at the three heating 
temperatures is indicated in the following tabulation: 














Temp. Temp. Fine-Deep 
Degrees Fahr. Degrees Cent. Coarse-Deep Fine-Shallow (Mn) 
1475 800 3 to 4 6to7 6to7 
1550 845 2to3 6 6 
1650 900 2to3 { 50% 2 (90% 6 
| 50% 7 | 10% 3 









These steels were regular commercial heats received from the Carnegie Steel Com- 
pany and are typical of the controlled grain-size product. 
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The higher manganese steel, at once fine-grained and deep 
ening, possesses the advantages in physical properties of both 


encies and much of the merit of alloy steel clearly depends upo 
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Fig. 12—-Transformation Rates at 1275 Degrees Fahr. (690 De 
grees Cent.) of the Unkilled and Aluminum-Killed 0.39 Per Cent 
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Fig. 13—Hardenability of Coarse-Grained Deep-Hardening and Fine-Grained Shallow 
Hardening Tool Steels As Quenched from 1500 Degrees Fahr. (815 Degrees Cent.) and 
1600 Degrees Fahr. (870 Degrees Cent.) in the Form of 1-Inch Rounds. 


combination of characteristics. In the examples above, the increase 
in the manganese content and a slightly higher carbon content almost 


precisely compensated for the tendency toward shallower hardening 
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Fig. 14 Hardenability of Three 0.72 Per 
As Quenched from 1475 Degrees Fahr. (800 De 
1550 Degrees Fahr. (845 Degrees Cent.) and 1650 
(900 Degrees Cent.) in the Form of 1-Inch Rounds 


Cent Carbon Steels 
grees Cent.), 
Degrees Fahr. 


through restriction of grain growth. A larger increment of alloy 


element would have been necessary had a greater disparity in grain- 


OT 


ize at quenching temperature existed, in order that the hardenability 


the fine-grained manganese steel should have been equal to that of 
coarse steel. 


GENERAL INFLUENCE OF AUSTENITIC GRAIN-SIZE Upon 


MECHANICAL PROPERTIES OF STEEL 


Attention has already been called to the traditional practice 
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hardening steel from the very minimum heating temperature w 
in the time interval set by various conditions, would just suffic: 
the solution of sufficient carbon to develop the necessary har 
ability. This practice is, of course, commendable and entirely sound 
when toughness is of primary importance. The examination of a 
number of successfully treated tools which have functioned wel] 
indicates that a fairly large proportion of the carbide remained undis- 
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Fig. 15—Influence of Austenitic Grain-Size 
Upon Impact Strength of a 0.85 Per Cent Car- 
bon Steel. Grain-Size Established at the Indi- 
cated Temperatures but All Specimens Quenched 
from 1400 Degrees Fahr. (760 Degrees Cent.) 
and Tempered to 50 Rockwell C Hardness. 























solved and that, therefore, these carbide particles are imbedded in a 
tempered (formerly martensitic) matrix rather low in carbon. Be- 
yond question this condition is very satisfactory in many applica- 
tions; but in many other applications it has been found preferable to 
secure a high proportion of the carbon in solution in the martensite 
and then, by tempering carefully, to re-form a fine dispersion of car- 
bide in precisely the proper degree of fineness. Obviously, this 
demands higher heating temperature for quenching or longer time- 
interval at temperature, both of which procedures encourage grain- 
growth. Indeed, it appears that such grain-growth as occurs in the 
higher carbon, heat treating steels begins just when the major por- 
tion of the carbide disappears by going into solution. If, therefore, 
a large part of the carbon content of the steel is to participate in the 
solution-reprecipitation reaction which is responsible for the strength 
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hy heat treatment, it 1s essential to restrain undue grain growth 

ne manner. When this is accomplished better combinations of 
city with strength or hardness result. 

(he direct influence of mean grain-size alone upon the impact 

th of a steel is shown in Fig. 15. In this case un-notched 

mens were employed so that the results would have some signif 

nce in relation to actual uses of steel, in which good design care 

avoids the extraordinary stress gradients which exist in notched 

The specimens were originally fully martensitic throughout 

then tempered to exactly 50 Rockwell C tor the entire lot of 

necimens over the range of grain-sizes. All the 0O.180-inch rounds 

re quenched from 1400 degrees Fahr. (760 degrees Cent.) al 

ugh the coarsened grain was secured by preheating at higher 

emperatures as indicated. 

Che product of the transformation of coarse grains is clearly 
different character from that of finer grains. It is thought that 
stresses set up during transformation are greater in the case of 

coarse austenite because the absolute dimensions of the Widman 
statten plates are greater and the origin of the stress would appear to 
be in the volume differences between the original austenite and the 
transformed fragments. If the internal stresses—-compression and 
tension—-within the steel were greater in the coarse and smaller in 
the fine specimens, then it is most probable that the impact strength 
would likewise differ and that the lower stressed material would 
offer greater resistance to rupture under the blow of the hammer. 
(his subject has been more fully discussed elsewhere® and it sut 
fices for the immediate purpose to note that tempered martensite 1s 
the tougher the smaller the grain-size of the austenite from which it 
formed. 

Having established this trend for the grain-size effect in indi 
vidual steels in which the austenite grain is regulated by heating tem 
perature, the next point of interest would be the effect of grain-size 

controlled in the several steels themselves, as heat treated iden- 


tically. This relationship is well illustrated in three 1.0 per cent 


irbon steels whose grain-size and impact values for the wholly mar 


tensitic condition are shown in the following tabulation. 


°E. S. Davenport, E. L. Roff, and E. C. Bain, ‘‘Microscopic Cracks in Hardened Steel, 


Effects and Elimination.” PRANSACTIONS, American Society for Metals, Vol. XXII, 
+, 1934, p. 289. 
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Heating Coarse Stee] Fine Steel Fine St 
lemperature G. S.No. Impact G.S.No. Impact G.S. No. ict 
1500 degrees Fahr. 5to6 4.6 7 8.6 8 11.2 
(815 degrees Cent. ) 
1550 degrees Fahr. 3 3.6 6 6.2 6 to7 () 
(845 degrees Cent. ) 
1600 degrees Fahr. 3 3.5 §90% 3 3.8 6 6.0 
(870 degrees Cent. ) 110% 7 


tendency and impact strength of steels of the same composition. In 
the heating time employed the carbon was by no means wholly dis- 
solved at 1500 degrees Fahr. (815 degrees Cent.) ; some remained 
after the 1550 degree Fahr. (845 degree Cent.) heating but not suf- 
ficient to prevent marked grain growth. 


THE SPECIAL CHARACTERISTICS OF VERY COARSE AUSTENITE 
(GRAINS IN INHERENTLY FINE-GRAINED STEEL 


The direct correlation between grain-size, hardenability and 
toughness of the fully hardened steel holds over such a wide range of 
conditions and is so useful, that it is perhaps unimportant to take up 
certain very unusual conditions in which the grain-size does not 
appear to act exactly 1n accord with the simple concept thus far set 
forth here. On the other hand, the seemingly anomalous behavior 
of the extreme grain-size range may cast some light upon the action 
of grain growth inhibitors upon transformation characteristics; for 
this reason_a reference is believed desirable at this point. 

The general grain growth pattern of the easily coarsened steels 
is quite simple and not at variance with that of many other simple 
solid solutions which have been studied. The temperature of most 
marked grain growth (in the customary short time interval usually 
employed in heat treating) is generally in the vicinity of 1525 to 1575 
degrees Fahr. (830 to 855 degrees Cent.) at which temperature the 
marked coarsening generally results in a grain-size in the vicinity of 
No. 3, or more broadly 2 to 5. Heating temperatures above this 
range, even up to perhaps 1850 degrees Fahr. (1010 degrees Cent.), 
do not succeed in establishing much coarser grains; perhaps the same 
grain or even a finer one may result at the higher temperature if the 
heating is very rapid. Usually the coarsest grain established will 
not exceed a No. 2. The main point is that as soon as the carbide 1s 


largely dissolved the marked coarsening is immediately accomplished, 





This is quite representative of the correlation between grain-size 
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hese gral 


have, as would be expected, a minimum tendency 
grain growth 


Other steels so produced as to carry an effective 


ns are of quite uniform size and not fine; accordingly 
to grow. 


itor, behave in a quite different manner. The coarsening tem 
ure is very high indeed, but the resulting grain-size, when this 


h heating temperature is actually applied, is vastly coarser than 


Coarsened Shallow-Hard 


Fig. 16—Photomicrograph of 
ening Steel Quenched at a Rate Just Less Than the Critical 
Speed Note Fine Pearlite Nodules at Many 
Centers Within Grains in Addition to 
100. 


laries. 


Quenching 
Grain- Bound 


Transformation 


Those at Austenite 


in the steels with less effective restrainers of grain growth. The 
actual grain-size is sometimes so coarse as to correspond with a No 
! inch in diameter after coarsening 


each grain being perhaps ;'5 
finally brought about at, say, 2100 degrees Fahr. (1150 degrees 


CHL. Is 
If now, such a coarsened specimen is quenched, it might be 
pected to be very deep hardening, and very brittle. Actually it 1s 
ither. When the fine grain structure is extremely persistent nearly 
these unusually high heating temperatures, the steel remains ef 
tively fine-grained in spite of its actual coarse austenite grain, 
he depth of hardening is no greater than would be expected from 


grain-size of perhaps 4 or 5, not deeper, indeed, than that of a 
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similar composition in a deep-hardening steel as quenched from 
degrees Fahr. (815 degrees Cent. ). 


It has previously been shown* that such unusually coar 


hed 


steels begin to transform, not alone in the grain boundaries, but a 
many nuclei throughout the grains, having, indeed, as many ti 
formation nuclei as a much finer grained austenite which begins ; 
transformation solely at the grain boundaries. The existence of 
many transformation centers is well shown in the photomicrograph 
of Fig. 16, taken at a point within a specimen which cooled at a rate 
just lower than the critical quenching speed. Presumably also the 
transformation centers for martensite formation are likewise num- 
erous, for the nature of the martensite is the same as that from really 
fine-grained austenite. On this basis it is not precisely austenite 
grain-size but rather its effective grain-size, or the number of trans 
formation centers in the austenite, which actually correlates 
thoroughly with hardenability and toughness. 

A number of observations point to this conclusion and it seems 
necessary to revise the usual concept of pure grain-size influence to 
something which is applicable to all cases. This revision is, however, 
a very slight one. It appears reasonable that the same particle dis- 
persion which can increase the number of austenite grains can also, 
when very effective, exert a large influence on the number of centers 
from which the transformation upon cooling can begin to occur. In 
steels, then, with only mild grain growth inhibition the transforma- 
tion begins only at the grain boundaries, whereas, in the steels in 
which the crystallization centers are very effective in restricting 
austenite grain growth, the transformation is not restricted initially 
to grain-boundaries but may begin at many points, even within the 
body of the individual grains. 

It appears then that the relatively ineffective particles are those 
which dissolve, or which coalesce, at relatively low temperature, and 
which therefore are unable to carry the marked grain growth range 
up to high temperature whereat really gigantic grains are formed. 
lf this be correct, clearly such weak grain growth inhibitors could 
also not serve as nuclei for the transformation upon cooling. It may 
well be that hardenability best correlates with the temperature of 
marked grain growth rather than with grain-size unless the grain- 
size be restricted to that which developes at relatively low heating 
temperature, as discussed in the early portion of this paper. 

To sum up, one may conclude that the cause of high initial rate 
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eaction of a steel of given composition is a function of the capa- 
of the austenite to afford a relatively large number of trans- 
mation centers or nuclei. In the general case, these centers of 
ransformation occur in the austenite grain-boundaries and accord- 


noly a fine-grained austenite must always accompany a relatively 


challow-hardening effect, assuming, of course, similar composition. 


rhe nuclei for transformation, as they become more and more num- 
erous, appear also to force the marked grain growth in the austenite 
to higher and higher temperatures. Accordingly, over a very wide 
range of conditions hardenability parallels grain-size for similar 
compositions. When, however, the particles which inhibit grain 
erowth are so effective that only at very high temperature will the 
erains grow, then the growth becomes exaggerated and in this case 
the particles serve also to act as transformation centers, irrespective 
of the boundaries of the enormously large grains. Accordingly, 
hardenability in similar steel compositions may quite properly be 
spoken of as a function of grain-size only over a definite, though wide, 
range of grain-sizes; beyond these limits the hardenability becomes 
less and less strictly correlated with actual grain-size and should be 
thought of as a function, rather, of effective grain-size or nucleation 
capacity. Since in no practical application is the exaggerated grain 
srowth referred to allowed, the revision of the concept does not alter 
the conclusions already drawn by many investigators from grain- 
size data. 


Tue MECHANISM OF GRAIN-GROWTH 


The sequence of events in a steel heated through the critical tem- 
perature range and the mechanism of the establishment of the austen- 
ite grain structure has been lucidly discussed by Grossmann* with 
particular emphasis upon the behavior of low carbon steel during 
carburization. The observations and conclusions of the present 
authors are so essentially like those of Grossmann that it seems 
unnecessary to repeat the account here. Since, however, the present 
discussion applies principally to the higher carbon steels, the present 
views of austenitic grain establishment are set forth very briefly: 

1. Upon heating, the first points of austenite formation are 
all at the interface between carbide and ferrite; the earliest austenite 
iuclei to form are those which are located in regions where the man- 
ganese, or other similar element, is fortuitously at higher concentra- 
tion, where the carbide, if lamellar, is in the thinnest plates or if 
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spheroidal, is in the finest particles. These first pools of aust 


must be of very small size and exceedingly numerous. There: 
any large regions of ferrite or carbide are absorbed as the aust 


( 





“colonies” grow. I*very opportunity then arises for the more 







\ 
ored orientations to grow and to absorb smaller austenitic grains 


tavorably located for growth, for austenite is formed above its « 
recrystallization temperature. 


wn 
Wl 





2. The temperature for the establishment of a 







moderately 
coarse, uniform grain system in pure carbon steel austenite is evi 
dently not much above the critical temperature, for even at 1500 to 
1550 degrees Fahr. (815 to 845 degrees Cent.) a structure is often 
formed which in itself has such a narrow range of grain-size that jt 
remains almost unchanged if heated to even 1800 to 1850 degrees 


ahr. (980 to 1010 degrees Cent.). Such steels are easily coarsened, 







but any exaggerated grain growth beyond this moderately coarse 
structure is strongly resisted. 

3. Some steels set up a fine grain structure just after trans- 
formation to austenite. 









It is now believed that the presence of undis 
solved particles is the principal cause of the failure of the austenite 
to coarsen at these low temperatures; either non-metallic particles or 
special carbide particles may act in this manner. <A considerable 
amount of some dissolved element such as molybdenum, tungsten or 
cobalt may serve to raise the recrystallization temperature of the 


austenite sufficiently to prevent coarsening. Such steels are spoken 









of as being reluctant to coarsen, since at ordinary heating tempera 
tures they remain fine-grained. 

+. However, if the steel acquires a moderately fine initial grain 
size it then has stronger latent powers of coarsening at some higher 
temperature than an easily coarsened steel, for a slight gradient in 
temperature, strain, or composition may induce further grain growth 
in a fine-grained material. The laws of inhibited grain growth and 





exaggerated grain growth have been well worked out for tungsten 
metal in which particles of thoria are distributed. In most com- 
mercial steels, the finer the initial grain established, the higher the 
temperature at which marked grain growth will finally occur but 


the coarser will be the grains resulting from the exaggerated grain 







growth action. Thus steels in which the grain growth inhibitor 1s 







extremely effective may develop an extraordinary grain-size at 1900 
to 2000 degrees Fahr. (1040 to 1095 degrees Cent.). 


Thus far, the factor of time interval at heating temperature has 
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intentionally omitted from the discussion on the basis that it 


he understood to conform to the ranges in actual hardening 





‘ice. Actually, of course, grain growth 1s a_ time-consuming 


ss and it proceeds more and more rapidly the higher the tem- 






rature within the range at which the grain growth may occur. 







here is apparently a range, for any given fundamental grain growth 

ency, below which no growth occurs in any length of time, how- 
ly 
to 
n 
If 
— 
L, 
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Fig. 17—-Hardenability of a 0.45 Per Cent 
Carbon Steel as Influenced by Prior Normalizing 
lreatments Shallow—-Normalized at 1470 De 
grees Fahr. (800 Degrees Cent.); Medium 
Normalized at 1740 Degrees Fahr. (950 De 
grees Cent.); Deep—Normalized at 1920 De 
grees Fahr. (1050 Degrees Cent.) All 
Quenched for Hardening from 1490 Degrees 
Fahr. (810 Degrees Cent.). 













ever long. Obviously, as stressed by Grossmann, when the interest 





centers in the grain-size acquired at a temperature within the lower 





irt of the grain growth range of a steel, it becomes important to 





note that the grain established in several hours may be utterly unlike 






that achieved in, for example, the 20 or 30 minutes heating time for 





proper hardening. There will be occasion later to refer to this con- 





sideration again. 
While it is thought that the paragraphs above introduce most 






the major factors involved in grain growth, there are unquestion- 





bly several minor factors which on occasion act to present a more 





mplicated picture of grain-size and hardenability. When the 





itial distribution of carbide particles is such as to retard their 
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1 





solution in the austenite, the grain-size resulting from short h 
periods at low temperatures may be unexpectedly fine and the 
enability extraordinarily low, for the austenite is, in effect, o{ 


low 
carbon content and hence shallow-hardening. To secure unifor 


y) 
Al 


deep hardening some hardening shops regularly quench the carbon 


r 
in order to secure uniformity and rapid carbon solution. Grossmann 


i 


steel work from a fairly high temperature into oil prior to hardenin 


has shown the influence of prior treatments upon the grain-size. [py 
lig. 17 is shown a correlation between hardenability and the prior 
normalizing treatment. The lowest hardenability shown resulted 
from “normalizing” at 1470 degrees Fahr. (800 degrees Cent.) (G 
S. No. 7); the intermediate hardenability was secured from the same 
quench after a 1740 degrees Fahr. (950 degrees Cent.) normalizing 
treatment (G. S. 25% 1, 75% 6); the deepest hardening in the same 
quench resulted in the steel normalized at 1920 degrees Fahr. (1050 
degrees Cent.) (G. S. 1 to 3). 

Usually, a steel once coarsened may be restored to the condi- 
tion of more shallow hardening, when its deeper-hardening character 
istics were “inherited” from a prior treatment, by merely renormal 
izing at a lower temperature. Occasionally a steel appears to be per 
manently changed with respect to its grain-growth characteristics; 
in such cases it is believed that the grain-growth inhibiting influence 
is lost through coalescence of the particles. 

Unusual coincidences may arise in which the various minor fac- 
tors influencing grain growth and hardenability may obscure the 
major factors; these rare cases should not be regarded, in them 


selves, as invalidating any broad principles if correctly deduced. 
CONTROLLED GRAIN-SIZE IN STEEL 


It often happens that the first broad achievement of a technical 
Improvement, such as an advance in metallurgical technology, pre- 
cedes the recognition of its factors or underlying fundamentals in a 
scientific way. Such, undoubtedly, has been the case in the manu- 
facture of steel with controlled grain-size. However, certain aspects 
ot this practice are now becoming apparent and where recognized 
are being reflected in improved uniformity of product. 

It has long been recognized that certain alloy steels were always 
fine-grained under ordinary conditions of heat treatment. This 


subject has been touched upon elsewhere and the brief remarks here 
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to steels which carry very little of those elements which, in 
selves, contribute to maintenance of fine grain. 

It becomes increasingly clear that the steels difficult to coarsen 

tain, at the heat treating temperature, some sort of dispersed par- 
cles which act to restrain grain growth, and what is most impor- 
t to increase the fundamental reaction rate of the austenite trans- 
xmation. The principles underlying the relation of grain-size to 
ction rate have already been set forth. Such particles, if they 
are effective, must neither dissolve nor coalesce at the heat treating 
temperatures, even though they should become ineffective at certain 
temperatures. The range of composition of such particles 
is therefore limited and it is not surprising that they are now thought 
be substances which are highly retractory. McQuaid and Ehn? 
in 1922 reported that deoxidation with aluminum and carbon-free 
ferrotitanium resulted in steels which, as carburized, were fine-grained 
and of low hardenability. Deoxidation with aluminum certainly 
points to the formation of alumina or possibly aluminum silicate in 
the steel and the idea of refractory particles was therefore established 
very early. Further evidence serves to confirm the idea of alumina 
being particularly efficacious in restraining grain growth even when 
it is established as a fine dispersion im situ in solid steel, indeed, no 
evidence appears to oppose this view. The manutacture, however, 
of a fine-grained steel of high quality involves many other considera- 
tions beyond the mere addition of aluminum to the undeoxidized 
melt. 

In brief, it is, in all probability, only the aluminum and oxygen 
which are still dissolved in the cast metal which are effective in ac 
complishing grain control, and the alumina formed at once as 
such is either eliminated from the metal or, at the worst, is retained 
in the form of particles too large to be effective. It is convenient 


speak of the dispersion of what must be colloidal-sized particles, 


though they were actually alumina; obviously their actual compo- 


sition must, with present means of study, remain unknown, but it 1s 
not thought that any seriously misleading inferences will result from 
uch a designation, and indeed, some of the evidence rather favors 
he conjecture that they are actually alumina. 
H. W. McQuaid and E. W. Ehn, “Effect of Quality of Steel on Case-Carburizing 
ults."" Transactions, American Institute of Mining and Metallurgical Engineers, Vol. 
XVII, 1922, p. 341. 


E. W. Ehn, “Influence of Dissolved Oxides on Carburizing and Hardening Qualities 
t Steel.” Journal, Iron and Steel Institute, Vol. CV, 1922, p. 157 
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With a given total oxygen content in the liquid steel to y 
now aluminum is to be added, a wide range of end-results ma 


secured merely by a variation in the amount of aluminum added 


CT 
unit of steel. The proportion of elemental aluminum remaining jy 
the steel at, for example, heat treating temperature, steadily increases 
with increase in the total aluminum added. On the other hand, th 
proportion of alumina rejected between the solidification temperatur: 
and heat treating temperature (that is, the effective alumina), first 


increases and then decreases with greater and greater aluminum ad- 
ditions. from the same molten steel, then, one may secure solid steels, 
ready for heat treating, which contain equal amounts of effective 
alumina with different proportions of residual aluminum. This be- 
havior is merely mentioned as an example of the complexities which 
arise in the consideraton of deoxidation by aluminum. The dissoly- 
able oxygen 1n the instance given above varies in the reverse manner 
to the aluminum, although such oxygen appears to exert relatively 
very little influence upon the steel. When now the unavoidable varia- 
tion of total oxygen in the undeoxidized bath is also taken into ac- 
count, it is readily seen that great skill is demanded in the production 
of uniform steel of controlled grain-size. 

Another element, while it is not so amazingly effective pound 
for pound, in restricting grain growth, as aluminum, is nevertheless 
noteworthy. Vanadium serves to maintain a fine grain over the 
normal heat treating range but permits a moderate but not excessive 
grain growth at heating temperatures somewhat higher. This fea 
ture is of definite value in certain cases. It appears that the effective 
ness of vanadium has to do more with its high activity in forming 
a vanadium-rich carbide of low solubility than in creating a disper- 
sion of refractory oxide particles. Clearly, the carbide behavior is 
best considered from the standpoint of the distribution of the carbon 
of the steel between iron and vanadium. In an ordinary eutectoid 
steel, as little as 0.20 per cent vanadium suffices to build these spe 
cial carbide particles which are apparently not wholly dissolved even 
at 1700 degrees Fahr. (925 degrees Cent.). Such particles, since 
they may form very quickly upon quenching, probably act as strong 
transformation centers. 


NORMALITY AND ABNORMALITY 


One of the early instances’ of the recognition of 


factors, other 
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nominal composition, influencing hardenability had to do with 
urizing steels. Certain steels into which had diffused the usual 


unt of carbon tailed to harden uniformly when treated accord 
to the standard quenching practice; even recarburizing failed to 
uce the normal response and prevent soft spots. The microstruc 
- of these carburized steels after slow cooling was sufficiently dif 


ent from that of the steels which hardened well to permit a classi- 


Photomicrograph of ‘‘Normal’’ Steel. 300, 
Photomicrograph of “Abnormal”’ Steel. X 300. 


fication even though, at the time, it provided little knowledge of the 
underlying causes of the dissimilarity in hardenability. To the struc- 
ture found in the slowly cooled specimens of properly hardenable 
steel the name “‘normal’’ was applied; to the structure in the steels 


which when quenched failed to harden normally the name “abnormal” 
was applied. This was, of course, a reasonable choice of names so 
lar as these low carbon, low silicon, carburizing steels were con- 


cerned. The steel was so low in all elements that, in the sections 


nvolved, it had to possess almost maximum hardenability, including 


oarse austenite grain-size, in order to harden without soft spots. 
ihe two extreme types of structure to which these names were ap- 
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plied are now familiar to all, and are typified by the photon 
graphs of Figs. 18 and 19. In general it was observed that 
abnormal steels were fine-grained while the normal steels 
coarser. ‘The grain-size was not so much emphasized as the 
tural characteristics which clearly differ markedly in the extré 
Presumably the microscopic examination of these carburized steel 


was made in an effort to gather knowledge concerning their funda 


mental nature (responsible for the disparity in hardenability) rather 
than as a test, for clearly it is easier to quench the carburized piece 
and explore its hardness than to slowly cool, polish, etch and examine 


microscopically. At any rate, the grain-size in a hypereutectoid com 
position is easy to estimate and a great many examinations of car 
burized steels of many sorts have been made. In brief, one may 
characterize the extremes of normality and abnormality as follows: 

Normal Structure: Thin, smooth carbide envelopes entirely con 
tiguous with the finer lamellar pearlite. 

Abnormal Structure: Thick carbide envelopes, with coarse 
lamellar pearlite, if any, separated from the network, which may be 
discontinuous, by a wide band of ferrite sometimes containing large 
spheroids of carbide. 

It is interesting to speculate upon the trend of events which 
would have occurred if it had been customary to employ higher man 
ganese, higher silicon alloys for carburizing. Such steels when fine- 
grained at the carburizing temperature would have had adequate 
hardenability and would have been tough as to core. If an easily 
coarsened steel of this composition had found its way to the con- 
sumer it would probably have been slightly deficient in toughness, 
even though the grain-size did not exceed that in the ordinary normal 
carburizing steel. Doubtless, the fine-grained steel would have been 
called “normal” and the coarse-grained type “abnormal.” For this 
reason the words are badly chosen except they be restricted to the 
grade of carburizing steel to which they were originally applied. The 
use of such a word as “normal” immediately forces the question “for 
what purpose?” Such a question is reasonable and deserves its 
answer. 

Before enquiring into the inherent differences between normal 
and abnormal steels it is well to bear in mind that carburization is a 
slow process requiring several hours even at 1700 to 1750 degrees 
Kahr. (925 to 955 degrees Cent.) while grain growth may occur 
very quickly if the grain growth temperature is below that employed 
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rburizing. It may be well to re-read the conclusions of Gross 





on this subject : 






“In a carburizing test (McQuaid-khn test) for austenite grain 





size, the steel initially (during the heating-up in the carburizing pot) 





undergoes its transformation to austenite and in so doing comes to a 





certain (small) austenite grain-size, usually in the range from No. 5 


to No. 8. 
The temperature of the piece, of course, continues to rise there 







after, up to the carburizing temperature. Every steel has a coarsening 





temperature which, if exceeded, causes coarse grains (No. 1 to No. 2) 





to form. If the carburizing temperature is above the coarsening tem 





perature, the final carburized piece will consist partly or wholly of 





coarse grains. But if the carburizing temperature is at any tempera 





ture below the coarsening temperature (and the latter may be high, 





even above 2000 or 2100 degrees Fahr.) then the austenite grain-size 





will remain unchanged, precisely what it was when the steel first 





transformed to austenite upon heating. 





In some steels this initial austenite grain-size is related to prior 





ferrite grain-size and is in these cases affected by prior heat treat 





ment.” 











Let us consider, for the moment, two specimens of equal dimen 


sions representing a normal and an abnormal steel of the same alloy 





content in a carburizing box ready for slow cooling, sufficient carbon 





having diffused into the specimens to yield an adequately thick case. 





Upon cooling, the proeutectoid carbide begins to form very soon near 





the surface and the envelope about the grains grows in thickness 





until the beginning of the three-phase temperature zone 1s reached. 





In nearly pure iron-carbon steels this zone is so narrow as to con- 





stitute essentially the eutectoid horizontal. Up to this point no essen- 





tial difference exists in these specimens. If the two specimens were 





suddenly quenched the fine-grained steel would, at some higher mag- 





nification, resemble closely the coarser grained specimen at some 


lower magnification. At this point the divergence appears. Shortly 






before the normal specimen begins its simultaneous rejection of fer 





rite and carbide (pearlite) from various nuclei in the intergranular 





network, the austenite of the abnormal specimen begins its decom- 






position. Ferrite begins to be formed inside the cells of network 





and the carbon, thereby forced out of the shrinking austenite pools, 





diffuses to the network there to attach itself in the form of more 
carbide, thickening the network. Spheroids of carbide are from time 






to time formed in this widening inner rim of ferrite but many of 






hese subsequently disappear and the carbon involved migrates to the 
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network. This process goes on slowly, SO slowly indeed, th: th 









temperature of the specimen may decrease somewhat, whereuy 
remainder of the austenite forms a coarse lamellar pearlite. 
meantime the normal steel, which had undercooled somewhat 


continues to form solid masses of regular pearlite. This is a 







more 
rapid process and the temperature usually rises somewhat. 
These observations serve to construct a fairly complete pictur 
of the fundamental requisites* for the two types of steel: 
l. An abnormal steel during transformation obviously possesses 
high carbon diffusivity. 
2. This observed diffusivity increases rapidly with the increase 


in the actual temperature of the metal in the early stages of trans 


formation. This implies low concentration of any elements such as 






nickel or manganese which lower A,,; or such as chromium or silicon 
which cause undercooling. 


3. High temperature of initial transformation (minimum un 








dercooling ) is favored by the presence of many transformation cen- 
ters (nuclei) as supplied by more grain boundary area or dispersed 
particles. 

Similar reasoning may be applied to the normal type of trans- 
formation. 
















1. A normal steel possesses low carbon diffusivity relatively to 
the velocity of the austenite transformation in the early stages. 
2. The observed low diffusivity decreases rapidly with decreas: 


in the actual temperature of the transformation. This implies either 
the presence of elements which depress A,; or which retard trans- 
formation and increase undercooling. 

3. Depressed temperature for the beginning of transformation 
(undercooling) is greatly assisted by the absence of transformation 
centers (nuclei) and by large grains (1.e., effectively large) which 
offer diminished grain boundary surface. 

I’ven a moderate difference in normality may be detected in 
steels of similar composition by comparison of cooling curves, which 
however, must be taken upon specimens of precisely equal dimen- 
sions, from which, furthermore, the heat must be abstracted at pre 


cisely the same rate. Such a comparison is shown in Fig. 20. In 





this case the steels, having nearly eutectoid composition, were not 











*These circumstances were recognized by F. Duftschmid and E. 
des anormalen Verhaltens von Stahlen bei der Einsatzhartung.”’ 
Dec. 1931, p. 1613. 
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ed. They differ, however, in grain-size and hardenability 
tructural normality by virtue of the difference in deoxidation 
ce. The undercooling of the normal steel need really be no 


r than that of the abnormal steel (although it usually is) pro 


Norms/, 
Coarse 


79 uy) 


Cooling Time , Minutes 


Fig. 0—Simultaneous Cooling Curves for Fine 


Grained, Abnormal and Coarse-Grained, Normal Steels of 
Similar Composition. 


vided only that the early stages of the eutectoid transformation are 
more rapid so that austenite decomposition is rapid relatively to the 
diffusion of carbon. 


The effect of the grain-size alone upon normality may easily be 
monstrated. 


A steel should be selected which will, at some tem- 
rature such as 2100 degrees Fahr. (1150 degrees Cent.), develop 
a brief heating a coarser austenite grain than at the carburizing 
perature, e.g., 1725 degrees Fahr. (940 degrees Cent.) in the long 
riod required to develop adequate case, 16 hours. At some time 
iring the carburization one specimen is briefly withdrawn from the 
rburizing box and quickly heated to the coarsening temperature 
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Fig. 21—Influence of Austenitic Grain-Size Upon Structural Normality. Left 
Coarsened by Heating Briefly to 2100 Degrees Fahr. (1150 Degrees Cent.) During 
Carburizing; Right—Carburized at Usual Temperature of 1725 Degrees Fahr. (940 
Degrees Cent.). Both Cooled Together in Carburizing Box at Rate of 4.5 Degrees 
Kahr. Per Minute.  X 1200. 

and then when cooled to about the carburizing temperature replaced 
in the compound to restore the carbon lost during coarsening. The 
coarsened piece has the more normal structure, as shown in Fig. 21. 

If an alloying element could be found which, as dissolved in 
austenite, raised the A,; range materially, but at the same time re- 
tarded the reaction rate so little as to cause negligible increase in 
undercooling, then such an element would contribute directly to in 
creased abnormality without altering the grain size. No such ele- 
ment has as yet been found. Aluminum, silicon and chromium, all 
of which raise the A,; temperature so greatly, aggravate undercool- 
ing so that they are all contributors to normality, at least at cooling 
rates so far studied. Tungsten very nearly succeeds in accomplish- 
ing this but owing to its carbide forming propensities it so restricts 
grain growth as to fall instead into the broad category of vanadium. 


Aluminum, when dissolved and prevented from contributing alumina 


as an accelerating influence, is only a deep hardening element, like 
silicon. Oxygen does not serve in this capacity either, for it de- 
presses the A,; point. 
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Having then no alloying element which in solution contributes to 
rmality, one has only the absence of alloying elements to rely 

to assist in the development of the abnormal structure from 

irse austenite free from artificial stimulators of transformation, 
uch as alumina or special carbide particles. However, the purest 
| does actually permit structural abnormality to result from rela- 


tively coarse austenite. Carburized pure iron stands at the extreme 


iv 


end of a series of materials arranged in the order of increasing maxi- 
mum grain-size compatible with an abnormal structure. Indeed, 
when one of the authors presented photomicrographs* of carburized 
pure iron with a normal structure he did not fully realize that the 
erain-size was so tremendously large as to make it incomparable with 
any ordinary material. As a matter of fact, pure iron-carbon steel 
can scarcely be rendered austenitic except with a coarse austenite 
erain. It is believed that a nearly pure iron-carbon alloy is the one 
material which, free from grain-growth inhibitors, may still show 
abnormality of structure when a grain-size in excess of about No. 1 
is established. It possesses, at its high transformation temperature 
(minimum undercooling and high A,; temperature), the maximum 
carbon diffusivity in relation to transformation velocity in the early 
stages. 

As more and more alloying element—nickel, manganese, or sili- 
con, etec.——is present the reversed state of affairs appears; structural 
normality is possible in finer and finer austenite grains as the alloy 
content increases; this is well exemplified in the fine-grained deep- 
hardening steels carrying upwards of one per cent manganese. 

One factor influencing the degree of structural abnormality is 
now so well recognized and so completely in line with what has 
been related above that it scarcely warrants mention. ‘The rate of 
cooling from the carburizing temperature in a measure determines 
the degree of ferrite divorce without, of course, changing grain-size 
in the slightest. Obviously, a high cooling rate increases undercooling 
and accordingly develops a more normal structure. Fortunately the 
rate of reaction is so very slow at only a moderate degree of under- 
cooling and so rapid at a little greater undercooling that the actual 

ooling rate, over a wide range, changes the actual temperature at 
which the reaction begins only by a few degrees. Accordingly, for 
onsistent results in normality studies, it suffices to use the same 
box and furnace without any special precautions to insure uniform 


oling rate. Even different furnaces seem to yield essentially the 
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same structure. A good rate of cooling is 4+ to 5 degrees Fahr. 
3 degrees Cent.) per minute; a lower rate is satisfactory, a 1 
rapid rate less desirable, although for purely comparative work 
may more or less create his own standards. 

The authors believe, in view of the above reasoning, that wit! 
analysis at hand, together with a figure for grain-size as devel 
under the conditions of use, little if any further useful knowl 
results from an observation of the structural normality or aby 
mality except perhaps in the most exceptional cases. At any rat 
no application for such information has been found not better served 


by other means. The information derived from a carburization test 


( 


1 
Lil 


involving microscopic examination of the slowly-cooled piece is useful 
in estimating the effectiveness of the carburizing method and the 
grain-size established but the suitability of the steel is often mor 
directly determined by carrying out the heat treatment and submitting 
the appropriate specimen to suitable hardness and other mechanical 
tests, 

While it would be expected that the carburizing test would in 
any event be applied only to such steels as are to be carburized for 
service, It is not uncommon to carburize heat-treating steels and to 
evaluate grain-size and even structural normality therefrom. It 
should perhaps be stressed that such information is likely to be mis 
leading unless the inapplicability of such data to the ordinary nor 
malizing and other heat-treating operations is borne in mind. One 
may obviously not infer what the grain-size characteristics of a steel 
would be as heated, for example, 20 minutes at 1550 degrees Fahr. 
(845 degrees Cent.) from the grain-size developed after 8 hours 
at 1/00 degrees Fahr. (925 degrees Cent.) in a carburizing environ 
ment. The great difference in time interval alone regardless of tem 
perature differences would, in many steels, completely alter grain-size 
and hardenability beyond recognition. Apart from these obvious 
disagreements it should be borne in mind also that carburization is 
a process in which the constitution of a steel is changed. In the case 
of l-inch rounds of carbon steel the hardenability may be changed 
even by a moderate carburizing followed by a subsequent heating 
for the comparison after quenching,—often in the direction of lower 
hardenability—occasionally in the opposite direction. 

A striking example is to be found in a certain useful class of 
steels carrying a small amount of elemental aluminum left over after 
the deoxidation. One such steel as merely heated to about 1650 de- 
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Fahr. (900 degrees Cent.) was moderately coarse. When car- 


ed (1725 degrees Fahr. or 940 degrees Cent. for 16 hours) it 







d an extremely fine grain in the extreme surface layer to a 


i 





of about 0.016 inch, while the core and remaining hyper 





ctoid zone was coarse-grained. When reheated to 1725 degrees 





hr. (940 degrees Cent.) again, nearly the whole of the hyper 





ectoid zone was fine. 





Clearly the carburizing test would have been most misleading in 





case, even though the reasons are not hard to discover. The 





x<ygen absorbed during carburizing combined with the aluminum and 





thereby provided grain growth inhibitors which could prevent the 





first small grains from growing. But the austenite grains were 





ilready coarsened in the interior before this oxygen penetration 





reached them; hence only a narrow outer zone of fine-grained mate 





rial was found after cooling from the carburizing temperature. But 





i”) 
iil 


the coarse grains already established, the alumina continued to 
> as 





orm in successively deeper zones as carburization continued. No 





particle dispersion, however effective, could make fine grains out of 





coarse ones already formed. However, upon the second heating 





they were effective in preventing coarsening and a deep fine-grained 





one resulted. When this steel 1s heated briefly to the carburizing 





temperature, it acquires a coarse grain, for in the short time no 





oxygen penetration is possible and no grain growth inhibitors are 





Ol med. 






SUMMARY AND CONCLUSIONS 











For any ordinary medium or high carbon steel a correlation 


xists between the rate of transformation of the austenite to pearlite 





at any temperature and the grain-size of the austenite. It 1s thought 






that the greater grain boundary area of the fine-grained austenite 





provides more nuclei, or transformation centers, than exist in the 





istenite of a coarser grain structure; the degree of undercooling, 





any specific cooling rate, is, therefore, less in the fine-grained 





austenite and the steel accordingly possesses a lower hardenability 





than 1f coarse. 





Steels of the same composition may vary greatly with respect 






} the grain-size of the austenite developed at any particular heating 





mperature. The interest usually centers in the grain-size estab- 





hed at temperatures not more than two or three hundred degrees 






ve the A,, temperature and at this temperature some steels have 
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already coarsened while others remain fine. In general, a uni 
grain-size is quickly established as soon as most of the carbicd 
dissolved. If this first uniform grain-size is large it has littl 
tential capacity to coarsen further; if fine, it is likely to undergo an 
exaggerated grain-growth at some higher temperature. 

The cause of the restraint of initial grain growth in some steels 
is believed to be the obstruction offered by dispersed particles of 
minute size—either non-metallic or special carbide compounds. Th 


more effective these particles are, the higher will be the temper 
ature required for marked grain growth in the austenitic matrix, 
These particles, apart from their controlling effect upon the grain 
growth characteristics of a steel are thought to act in another capacity. 
They appear to act also as nucleation centers for the transformation 
of the austenite upon cooling. Thus, not only the actual small grains, 
but also the underlying cause of the small grains may tend to produce 
shallow-hardening steels. 

The transformation products of fine-grained austenite, either 
martensite and its tempered derivatives or even pearlite, are some 
what tougher than those derived from coarse grains of austenite. 
This circumstance, discussed in greater detail elsewhere, is thought 
to relate to internal stress. Whatever the underlying cause, steels 
with inherently fine-grain tendencies are vastly superior for many 
applications as a result of their greater toughness. 

The fine-grained steels are necessarily more shallow-hardening, 
other factors being equal; hence some alloying elements are incorpo- 
rated to restore deeper hardenability when required. An example 
of the use of higher manganese to compensate in this direction for 
the desired fine grain is shown to illustrate the manner in which con- 
trolled grain-size operates. 

Grain-size in hypoeutectoid and hypereutectoid steels may be estt- 
mated microscopically in specimens prepared by cooling in such a man- 
ner as to produce first a pro-eutectoid network and then cooling there- 
after somewhat rapidly to produce a dark-etching matrix in the body 
of the parent grains. Eutectoid steels should be quenched just more 
slowly than the critical quenching rate, so as to mark out the grain 
boundaries with dark-etching fine pearlite with martensite consti- 
tuting the body of the parent grains. A special case of grain-size 
estimation is that of case carburized steels in which the slowly cooled 
hypereutectoid zone is ideally constituted for the purpose. When 
applied to low carbon, low alloy carburizing steels certain character- 
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\f structure serve to classify the steels of high and low harden- 





To these extremes of structure the names “normal” and 





mal” have been applied. The immediate cause of the ab 





ial structure is high carbon diffusivity relatively to initial reac- 





rate. Normal steels are those having coarse grain-size or carry- 





higher proportions of alloy or both. Abnormality is most pro- 





unced in nearly pure iron-carbon steels having fine grain-size. 






DISCUSSION 












Written Discussion: By H. S. Rawdon, Chief, Metallurgical Depart 
National Bureau of Standards, Washington, D. C. 





[he writer had occasion recently to review the metallurgical accomplish- 







ts of the past few years and to give his appraisal of them as to their relative 





portance, actual or potential. In the field of carbon steels the establishment 






the incontrovertible fact that steels of same composition, as ordinarily deter 





min ed, can differ decidedly in their intrinsic properties, particularly those in 





hich heating is involved, is without doubt the outstanding accomplishment. 






Vague, indefinite claims of this kind have been made in past years, of course, 





but the work of McQuaid and Ehn was the first to give such claims any 






experimental support. Later work such as that summarized at this meeting 





Davenport and Bain and by Epstein and his associates in their respective 





papers serves admirably to clarify the situation still further and to show 





wherein well established metallurgical principles apply. In view of the in- 





formation presented at this meeting, it is difficult to imagine that any “doubting 





Thomases” can still remain. 





One cannot help but ponder on the possibility that perhaps results reported 





lor carbon steels in past investigations may have been materially influenced, 





ntirely unwittingly on the part of the investigator, by this “quality” variable 





as a result of the deoxidation practice used. A case of this kind which recently 





came forcibly to the writer’s attention arose in connection with the work of the 
loint Research Committee on the Effect of Phosphorus and Sulphur on Steel 






an investigation which has been under way for many years. As basis for the 





study of the effect of phosphorus on low carbon steel used in pipe manufacture, 






special heats of steel were made in 1928 by one of the well-known steel 





manufacturers. The special inspection committee having supervision of 






these special heats, the composition of which was varied so as to give phos 





rus progressively increasing up to 0.10 per cent, complacently congratulated 





other on the success attained in their job when they reviewed the mill 





nalysis of the steels. According to the information then available, there was 





reason whatever to believe otherwise than that such differences as might 





found later in the strength properties in testing these steels could properly 
ittributed to the arbitrarily introduced differences in the phosphorus content. 





However, on carrying out the mechanical tests, it was found that one heat 
decidedly out of line with the others particularly in its impact resistance. 
nching served to emphasize this difference. Fig. 1 (of this discussion) 1s 








ical of the difference in impact resistance. Examination of the microstructure 
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indicated that the heat in question was of “abnormal” steel (Fig. 2) 
sequent examination of the mill records showed wherein the deoxidati 
ment would account for this. In this particular case, therefore, this 
“quality” variable, the introduction of which was unintentional and unsu 


entirely obscured the effect which was expected to result from the in 







Fig. 1—Impact Resistance (Charpy) of Longi 
tudinal Specimens of Low Carbon Steels of Pro 
gressively Increasing Phosphorus Content. The Com 
position in Per Cent was as Follows: 














Heat P & S Mn Si Ni Cu Cr 




















0.007 0.10 0.029 0.47 





0.01 0.016 0.02 0.005 
I 0.051 0.10 0.030 0.49 0.02 nil 0.04 0.009 
* 0.060 0.11 0.030 0.48 0.03 0.026 0.08 0.010 
I 


0.080 0.12 0.029 0.48 0.03 nil 0.02 0.014 



















phosphorus content. Other similar cases of this kind undoubtedly exist. The 
necessity for still more closely defining any steel which is to be used for test 
purposes is very evident. 

The lack of a suitable nomenclature for use in discussing this subject is 
deplorable and is well illustrated by papers at this meeting. Even now that 
the basic underlying principles are fairly well understood, authors find it very 
necessary to define the terms which are to be used as is well illustrated by the 
paper of Messrs. Davenport and Bain. Thus, they make it clear that though 
this is a “grain-size” phenomenon it is not grain-size in the sense that this 
term is generally accepted. The American Society for Testing Materials 
grain-size chart for steels which has been referred to in a number of papers 







at this meeting is in no sense analogous or comparable to the similar grain-size 
chart adopted by the same organization for nonferrous metals such as copper 
and alpha-brass. The time has certainly come for concerted action on this 
matter of nomenclature. The American Society for Metals has unquestionably 







done most in this particular subject and it would seem entirely proper for the 


Society to take the lead in the matter. The appointment of a small committee 
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Ig. 2 Microstructure of Three Heats of Low Carbon Steel to Which Phosphorus was 

ed in Progressively Increasing Amounts; Etched in 1 Per Cent Alcoholic Nitric Acid; 

Magnification, & 100, Reduced. Photomicrographs on Left Show the Annealed 

| (1725 Degrees Fahr.. Cooled in Furnace), Those on the Right the Same After Water 

hing (1725 Degrees Fahr.). The Composition is Given in Fig. 1, Upper Row of 
tomicrographs, Heat B; Center Row, Heat C; and Lower Row, Heat D 
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to co-operate with other technical societies as was done in the 





Cast 








treatment terms would seem to be in order. To the writer. it would se: 














a relatively simple precaution should go far in clarifying the situation. |] 





this 1s always to use the specific term “austenite grain-size” in speaking 


subject of quality in steel and not simply “grain-size.” This is what Da 














and Bain have done and the writer regrets that it does not appear 











in ft 
\ustenite 1s now a well-known term to metallurgists 








ot their papet 











one need fear being dubbed a “high brow” 





if he uses it in specifying st 








term “controlled austenite grain-size” instead of simply “controlled grai: 
B. F. Suepuerp:' 











he authors are to be congratulated very much 
contribution. Any contributions by Davenport and Bain 








are looked rOrw 











with a great deal of interest. There are two points | would like to bri 


























makes no mention ot the prehardening structure, whereas practically all 





other experiments state what the prehardening structure was. We have 





this information to be quite essential as having a marked influence 
results obtained in the final hardening. 











There is another rather minor point of technical procedure. We 


quite a number of hardness penetration curves on tool steel by 


Rockwell 














ally 





at any distance in from the center. It appears that any curve along 





radius would vary quite a little from a curve along another radius. <A 








many of the curves presented by the authors show the hardness _ penetratior 








trom one side to the other side of the specimens to be what might be calle 








identical twins. | am much interested to know whether these curves w 


WCE 





plotted that way for the sake of illustration from one set of readings, or whether: 
the readings actually did fall on the line with that degree of uniformity. 








Authors’ Reply 


In answer to Mr. Shepherd’s question as to the prehardening structure 


of the specimens of Fig. 14, we would say that it is our usual practice, in hard 





enability determinations of this nature, to subject the material to a pre-treat 





ment designed to eliminate carbide segregations and other variables which might 





exist in the “as received” steel. This pre-treatment usually consists of heating 








the “as-received” material to a temperature sufficiently high to take practically 





all ot the carbide into solution, oil quenching and then tempering to render 
the material soft enough for machining to size for final hardening. This leaves 
the carbides in a finely divided condition—either fine pearlitic, or finel) 














for hardening. For example, the steels of Fig. 14 were oil-quenched trom 
1600 degrees Fahr. (870 degrees Cent.) in the form of 1%-inch diameter rounds, 
tempered at 1300 degrees Fahr. (705 degrees Cent.) for 30 minutes at heat 
and then machined to the final size of l-inch diameter. 





spheroidized, or both—readily soluble in the austenite on the subsequent heating 























In regard to Mr. Shepherd’s other question on the plotting of the hardness 
penetration curves, it is our practice to take the Rockwell hardness readings on 











‘Manager, Rock Drill Division of the Ingersoll-Rand Co., Phillipsburg, New Jerse) 





one is in regard to Fig. 14, in which a comparison of coarse-grained steels 


Vickers methods, and have had to take average results of the hardness tests 
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f concentric circles on the transverse section hardened spect 
ir or more readings are taken on each circle, the readings 


alter removal 


e circle are then averaged. Surtace reading 


vurized metal and also a center reading lhe averag 


concentric circle is plotted on each. side vertical 


hardness-penetration diagram, the distanes 


V Ole 
e trom the muid-vertical 


portional to the actual distance involved on the specimen This, of 


ot each other We 


akes the two halves ot the diagram mirror images 


that this method of plotting gives a more useful and practical descrip 


trend of hardness penetration than any diagram involving all of the 
along anv. single. chosen 


nd irrelevant variations which may occu 


case, cited by Dr. Rawdon, of a steel, the anomalous behavior of which 
t be elucidated on the basis of ordinary chemical analysis, is an excel 
ample of the influence of grain-size and deoxidation practice upon steel 


We venture to say that this problem could not 
our present knowledge of grain 


have been analy zed 
behaviors accounted for without SIZ 


Incidentally, it is interesting to note that the grain-size evidence pri 


by Dr. Rawdon was apparently secured without recourse to the conven 


yrain-size implications of the problem are 


All of which lends support to the argu 
ao blind adherence 


‘ 


carburizing test, and vet the ¢ 
cut as anvone could wish. 


for more “unadulterated” grain-size information and le 
traditional carburizing test in our efforts to arrive at the fundamentals 


t 


particular phase of steel behavior 
Rawdon 


We are entirely in agreement with the sentiments expressed by Dt 


The sooner a rational grain-size terminology 


remarks on nomenclature. 
branches of steel 


and this applies equally well 
rid of much of the confusion 


tablished to certain othe 
lurey—the sooner will we be that, unfor 


still seems to exist on this subject. 














GRAIN-SIZE IN RELATION TO MACHINABILITY 
OTHER PROPERTIES OF BESSEMER SCREW ST! 
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By H. W. GraHAM 


Abstract 


There are presented data obtained in a study of fow 
teen lots of commercial cold drawn Bessemer screw stee 
The chemical and physical properties are compared wit! 
the machinability of the various lots and with grain counts 
in the “as received” condition and as shown by th 
McQuaid-Ehn test. No clear correlation on the lots stud 
ted 1s shown between machinability and either chemical 
analysis or grain count by the methods used. 

Data are shown on the work brittleness and work 
vardness characteristics together with some exploration 
of the effect of accelerated aging, and the technique by 
which the tests were made is described. 

With no clear correlation established between machin 
ability and grain-size, it is argued that no estimate of the 
effect of grain-size on machinability can be obtained until 
some information is developed to show the relative energy 
expended in rupturing a grain boundary as compared to 
the energy required when the path of rupture passes 
through the grain itself. 






















’ IS recognized that grain-size and quality have been studied t 
I the greatest extent in the field of carburized parts and in the 
manufacture of heat treated articles made from forging steel. In 
both cases, grain-size has been considered to have a relationship of 
some importance to the machinability of the steel. Since in Bessemer 
screw steel (which is frequently carburized) we are dealing at first 
hand with the matter of machinability; it does not appear that the 
subject matter presented in this paper is unrelated with other work 
on the subject of grain-size and quality. 











We do not wish to argue that any conclusions presented in this 
paper on the machinability of Bessemer screw steel would necessarily 
apply on forging steel, in heat treated gears or other similar appli- 
cations. However, it may be that if there exists a positive and effec- 
tive correlation between grain-size and machinability on forging steel, 

\ paper presented as part of the Grain-Size Symposium of the Sixteent! 
Annual Convention of the Society held in New York City the week of October |, 
1934. The author, H. W. Graham, a member of the Society, is general metal 


° . + . . ° oer Bawedl 
lurgist, Jones and Laughlin Steel Corp., Pittsburgh. Manuscript received 
July 2, 1934. 
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or after heat treating, then some evidence of a similar corre 
might be found in the automatic machining of Bessemer screw 





[his is, however, a theorem which we shall not attempt to 












he data presented consist of observations on a series of four- 


teen sample lots of Bessemer screw steel in 34-inch cold-drawn 





s, representing the product of six different commercial sup- 





i The samples were obtained in a manner which guarantees 





that at least four different Bessemer steel-making plants are repre- 
ld dD 






sented. There was approximately one ton of round bars in each 






ot. The six sources of supply are referred to in this paper under 
the code letters A. B. etc., while different lots are listed as Al, A2, 







etc. The circumstances of the sampling were such as to almost cer- 





tainly guarantee that the fourteen lots represented fourteen different 





heats of steel. The chemical analyses of the materials are shown 






It is to be noted that lots B3, D2 and El represent the so-called 






“high-sulphur” screw stock. Since we are to consider grain-size, 





as well as machinability, the analyses of silicon and aluminum have 





been included. These elements in various forms may well act to 





inhibit grain growth and may, therefore, have an effect upon 





grain-size. 
An index of machinability in Tables I, II. III is shown with 





the analyses in the form of tool-life in minutes. The machinability 







test was made in a standard four-spindle automatic lathe, with no 





lubrication on the tool. The figures on tool-life are for a surface 
speed of 234 feet per minute and a feed of 0.0085 inches, although 






the data for other feeds and speeds are fully given later in this paper. 





When carefully performed the dry machining test is fairly satis- 





tactory, particularly on Bessemer screw steel which shows a quite 





definite end point. Since the tool-life shown is for dry-cutting, the 





actual figures given will not apply to commercial shop operation with 





proper tool coolant. The ratio between tool-life dry and with proper 





] 


cooling varies considerably. At unusually high speeds or heavy 





feeds the tool-life with a coolant may not be more than twice that 





when the tool is run dry; at lower speeds and feeds the ratio may 





ncrease to 4 to 10 times the dry tool-life. The physical proper- 





of the cold-drawn bars are shown in Table II. 





(he data on grain-size are shown in Table III. The pearlitic 





n count was made on the cold-drawn bars in the ‘‘as-received”’ 
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lition. The austenitic count was made after the specimens had 

subjected to the standard McQuaid-Ihn carburizing test at 
0 degrees Fahr. (955 degrees Cent.) for eight hours. 

With respect to the pearlitic grain-size in the cold-drawn con 
on, while all specimens are to be listed in A. S. T. M. Class 8, 
re is still a considerable range of size from 126 in specimen Bi 
307 in specimen D2, as shown in the photomicrographs ['ig.] 
nd b. 

In Table III the specimens are listed as to normality. Photom1 
raphs Fig. 1 c and d illustrate the range of normality. The 


imens from source B showed tendency toward normality. but 
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aside from this all specimens were clearly toward the abnorn 
of the range. 

A machining speed of 234 feet per minute is approximat 
feet per second, which is a sufficiently rapid rate to be properly . 
as dynamic. Data will, therefore, be presented relative to the 
cal performance of the test materials under the deforming 
of machining. This phase of the investigation was approach 
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Fig. 2—Standard Work-Brittleness Test Bar and 
Curve for Progressive Rate of Elongation of Drawn 
Work-Brittleness Specimens. 






test that has become a standard method oi 
procedure in our organization. A tapered test-piece is normalized 


the “work brittleness’ 














and then machined according to the dimensions shown in Fig. 2 and 
then cold-drawn through a 0.450-inch die. 

It is obvious from the shape of the test-piece that after 
drawing it will be in a progressively cold-worked condition along 
its length. The test-piece is ordinarily subjected to accelerated aging 
by heating to 550 degrees Fahr. (290 degrees Cent.) for one hour 
Then the test piece may be properly notched for the Izod test at 
successive points along its length, thus determining the loss of im- 
pact resistance with increasing cold-work. By this method were deter 
mined the data presented in Table IV. 

If the test-piece is tested for hardness progressively along its 
length before the Izod notches are machined, the rate of increasing 
hardness with increasing cold-work will be established. By this 
means were determined the figures given in Table V. 

The data given in Table V show the hardness values for a test- 


] 


piece in the unaged condition. If the test-piece is subjected to accel- 
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erated aging for one hour at 550 degrees Fahr. the hardn 
as shown in Table VI. 

As a final step in presentation of the data observed in 
vestigation, there 1s shown in Fig. 3 the machinability perf 
for some of the various lots of screw steel included in this 
gation. Part of the tool-life curves have been omitted to 
clearer chart. 

The curves show the relationship of the speed of mach 


tool-life. The machinability might have been shown by « 


25 100 125 


PUY 


Too! Life , Minutes 





Fig Machinability Tests Showing Speed Versus Tool Life. 










cut plotted against tool-life or by volume of metal removed per unit 
of time plotted against tool-life. The shape of the curves obtained 
would be slightly different, but there would be no real difference i1 
the showing of one lot as compared to another. 

The horizontal dashed line in Fig. 3 shows that the tool-life 
figures used in this paper as an index of machinability were selecte 
at 234 surface feet per minute. This speed was selected as repr 









senting a high figure for commercial operation, but it is to be noted 
that the relationship of one steel to another is about the same at any 
speed. This is an important point because it indicates clearly that 
a lot of steel which machines poorly at any one speed may be expected 
to perform poorly at any speed. 

Turning our attention to Table III with its data on grain-siz 
we will first examine the pearlitic or ‘‘as-received” cold-drawn grain 
size compared with tool-life. The values when plotted are as shown 





in Fig. 4. Although no line is drawn in Fig. 4 to define a relationshi 
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erain-size and machinability, yet such a line would show 
wvement of machinability with an increase of grain-size 
hen it comes to the question of austenitic grain-size we will 
mpt to present any correlation with machinability, because 
mination of the data does not appear to present any clear 
- such correlation, except a very slight suggestion that better 
ability is to be expected with larger austenitic grain-size. 
Ve recognize that this investigation might well include a study 


: the variation that might be found as to the temperature at which 


oe 


* 
EE 





Grains per Sg./n. et 100 Diameters 








35 50 65 80 95 110 125 

‘unit Tool Life , Minutes 
ained Fig. 4—Grain-Size Versus Tool Life. 
_s erain coarsening takes place. After some deliberation we have de- 

cided not to extend this paper to the length necessary to properly 
N-lite esent this phase of the subject. 
ect [-xamination of the figures shown in Table IV discloses a sharp 
epr loss of impact strength with increasing increments of cold-work. 
noted (he degree of separation between various lots shows this test to be 
t an) highly discriminating. This fact has caused it to be included in our 
that dard testing procedure ever since its origin in our laboratories 
ected SIX years ago. 


In Fig. 5 are plotted curves showing the loss of impact resistance 

increasing cold work for a few representative cases of the 
teen lots hereunder investigation. The range of behavior is strik- 
but so far as this investigation is concerned it must be said that 


is no clear correlation between machinability or grain-size and 
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sensitivity to cold-work. Data in our possession beyond th 
of this investigation, however, show that in general best 


ability is to be expected where there is the greatest loss of 



















2 4 6 8 10 é 
Per Cent Reduction in Area Ly Cold Drawing 


Fig. 5—Work-Brittleness Test Curves. 





strength in the work-brittleness test. The fact that the correlatio 
with machinability is not more definite is due to a number of factors, 
some of which are more or less debatable in nature. 

The degree of cold-work shown in Fig. 5 extends from the nor 
malized condition to a maximum of 12 per cent reduction. This 
figure is representative of commercial cold-drawing, and we might, 
therefore, say that this test shows the progression from the hot-rolled 
(more accurately the normalized) condition to the cold-drawn con 
dition. The data given in Table IV, however, are for specimens 
that have been subjected to accelerated thermal aging, and, therefore, 
the impact value at 12 per cent reduction in Table IV may be ex 
pected to be lower than in commercial cold-drawn Bessemer screw 
steel, since commercial screw steel is not fully aged. Commercial 
cold-drawn screw steel does, under prolonged natural aging, tend 
to fall to the values here given in the sensitivity test. Natural aging 
is undoubtedly influential in improving machining performance. Th 
degree of this effect varies from one heat to another, apparently du 
to a variation in the aging capacity of different heats. 
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discussing the failure of the work-brittleness data here given 
ee closely with the figures on machinability, some attention 
given to the extent to which the Izod impact test does or 
‘tt correctly simulate the cutting action of a lathe tool. ‘There 
to be grounds for concluding that the action is quite simi- 
in many open-hearth grades of steel the impact test 1s distinctly 
fa bending nature. In the field of cold-drawn Bessemer screw steel 
includes a combination of bending and breaking which appears 
vite similar to the action of an automatic screw machine tool cut- 
at high speed. A low Izod figure certainly displays the charac- 
ristic in the steel of a localized stress at the notch, and this must 
he associated with good machinability. When the Izod impact strength 
creeps up above twenty foot-pounds, it shows conclusively that the 
nature of the steel is such that stresses are dissipated throughout 
a greater volume about the notch. This means that from a machin- 
ing standpoint that the tool must perform its work in this greater 
volume with a greater total expenditure of energy. Consequently 
| greater amount of heat is developed, resulting in shorter tool-life, 
more frequent interruptions, decreased production, and poorer sur- 
faces and poorer dimensional accuracy. All of these are a part of 
poor machinability. 

One factor has, however, been omitted from our discussion of 
impact properties as related to machinability. The data given in 
lable IV represent impact tests performed at room temperatures. 
Obviously the tool which cuts Bessemer screw steel is operating at 

somewhat elevated temperature. To explore this point we have 
conducted impact-shear tests through a range from room tempera 
ture ta 600 degrees Fahr. (315 degrees Cent.), which should cover 
the machining temperature in all cases. These data, however, are not 
reported in this paper. 

\s a first step the test-pieces were subjected to a uniform nor- 
malizing for one hour at 1675 degrees Fahr. (915 degrees Cent.). 


While this may be superficially accepted as having brought the sam- 


ples to a uniform and unstrained condition, yet there is some justi 
lication for the thought that each test specimen should have been 
rmalized at or above that particular temperature which is critical 


i respect to grain coarsening. Such treatment might be expected 


} 
) 


ive some bearing upon further behavior of the specimen in the 
ensitivity test or in other investigations. 
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\s a matter of technical and commercial interest, it 
mentioned that there is a considerable difference in behay 
respect to embrittlement and hardening when steel is col: 
by cold-drawing, by cold-rolling, or by some compressive 


ln compression the least difference is developed, while in col 


4 f 2 
f) yy 


f f i la) . 
Ker { ent Red ~f On In 4resy by Co/d Drawing 


Fig. 6—Work-Hardness Tests of Unaged Specimens 





there is the greatest loss of Impact strength. This reaction appeat 
to be tied in with an improvement ot fatigue properties, which woul 
explain the splendid fatigue performance of cold-rolled shafti 
and cold-rolled axles. 

Consideration of the loss of impact strength should be carri 
on coincident with attention to the matter of increase of hardn 
with increasing cold-work. Data relative to work-hardness are show! 
in Lable V for unaged specimens. As in work-brittleness, the 1 
crease of hardness proceeds concurrently with the loss of impact 
strength, as shown in Fig. 6. 

[f the specimen is tested for hardness throughout its length by 
tore and after the thermal aging, the effect of the thermal aging 
made apparent. In an occasional case there is little or no increas 
in hardness in thermal aging, but in most cases there is a considet 
able aging effect due to the thermal treatment. Fig. 7 shows tw 
cases in which there is a wide variation in the effect of thermal aging 
[It can hardly be argued that such a variation can be a functio1 
grain-size, except in a very indirect manner. Presumably this varia 
tion is a function of varying quality of the ferrite. 
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have found that variations in testing procedure either me 
or thermal may produce quite a difference in the imerease 
Iness with little or no change in loss ot impact strength. It 
refore, important to note that work-hardness and worl 
lo not proceed in fixed relationship to each othe: 
o satisfactory correlation is indicated between the work-hard 


lata here shown and machinability. While it may be taken 
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a conclusion in a generally correct direction that best machin 
ty is associated with maximum work-brittleness and minimum 
work-hardness, yet there are other considerations which must be 
ne in mind. It might be assumed that the minimum energy re 
uired for rupture would be associated with minimum hardness, yet 
ctical experience shows that very soft steels are notoriously dith 
to machine. An example of this is S.A.f. 1015 steel. With 
reased hardness there is a decreased “‘mushing” action; that 1s. 
cutting force penetrates a lesser distance into the metal around 
tip of the tool. Less volume of metal is deformed in the proc 
of rupture and, although the amount of energy which must be 
nded per unit volume of metal is increased due to the increased 
ness, yet the total energy is diminished by reason of the lesset 

ne of metal involved. The decrease in volume becomes less 
increased hardness until a point is reached beyond which there 


further decrease in the total amount of metal involved in the 
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cutting operation. 
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This is the point of maximum machinabil 


is, Of minimum total energy required. Beyond this point any 


ot hardness is accompanied by a proportionately greater total 


which means a corresponding decrease in free-cutting qualit 


The reasoning here presented brings us to what must be. 


purpose of this paper, our final position on the subject oj 


size and machinability. 


It must be admitted that the data presented in this pa 


not make clear any definite relationship between grain-size ai 


chinability. 


Irom a practical point of view we must assum 


this is due to an insufficient number of test lots and to the fact tha 


the various lots have not been reduced to a condition of proper 


parability. 


stration of this relationship will ever be produced by the metallurgist 
The answer must be presumed to lie in the field of physical metal 


(*( 


However, it is not likely that any satisfactory dem: 


f 


lurgy and it is to the physicist to whom we must look for help 


Those who are accustomed to consider either that grain-six 


is of great importance as related to machinability, or that grain-siz 


is at least an important indication of machinability, are accustomed 


to take the position that in the cutting operation the path of ruptur 


follows preferred planes along which the separation proceeds rathe: 


easily, and that the grain boundaries interrupt the progress of thé 


line of separation along these preferred planes. While the correct 


ness of this point of view is not questioned, yet the degree of im 


portance which is attached to it must depend upon the relative energy 


expended in forcing the line of separation along the preferred planes 


through the crystal as compared to the amount of energy expended 


at a grain boundary. Irom our own point of view, while we admit 


that the grain boundary must necessarily involve some additional 
expenditure of energy, yet we find it difficult to believe that th 
amount of additional energy expended at the grain boundary is ver) 


large as compared with the normal energy required in forcing th 
path of rupture through the crystal itself. If no energy were ™ 
quired to force the path of rupture through the crystal and if som 


energy were required at the grain boundary, then machinability 
would be strictly proportional to the number of grains or to the grain 


size. If, at the other extreme, the additional energy necessary t 


cross the grain boundary is only a very small proportion of that re- 


quired to cross the crystal, then obviously grain size is of very littl 


importance as concerns machinability. There is reason to think that 
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rgy required within the mass of the crystal itself is of a con- 

le order, in spite of preferred planes, as compared to the addi 

energy necessary for the path of rupture to cross a grain 

o get a clearer picture of the influence of ferrite quality on 

nability we must bear in mind that the constituent of steel des 

ited by metallographists as “ferrite” is a very complex entity. 

nsists of alpha iron which may hold various elements in disper 

ranging from molecular (solid solution), to colloidal, and, finally, 

to microscopically visible particles. The range of variations in quality 

sible in such a complex constituent is, therefore, great. Such dif 

ferences in ferrite quality manifest themselves in appreciable differ- 

ences in work-hardening capacity, work-brittleness capacity, fatigue 

endurance, grain growth characteristics, and nature of the plastic 
deformation under static and dynamic loads. 

It is the point of view of the writer and his associates at this 
time to believe that there is a rather wide range of variation in the 
quality of the ferrite in separate heats of steel made to the same 
analysis of common elements, and to further believe that this varia- 
tion in ferrite quality and behavior is more important and much more 
fundamental than mere variation in grain-size. 

It is a point not to be overlooked that, with a varying amount 
ind varying occurrence of extraneous materials present in the base 
iron, there will be variations in amount and quality of material re- 
jected to the grain boundaries. In the operation of machining, there- 
fore, it is to be expected that there will be not only variations in the 
energy required to cause the path of rupture to pass through the 


bodies of the grains, but there will also be variations in the energy 


required for the path of rupture to cross the grain boundaries. 

The situation is very much as would confront a hunter who 
walks across country, through fields and over fences. ‘To some ex- 
tent the difficulty of his progress would depend upon the number of 
tences which he had to climb, and, therefore, the size of the fields 
would be an important factor, since such size would determine the 
number of fences which must be climbed. Even under best con- 
litions, however, the effort required to walk across the fields would 

be appreciable as compared to that required to climb the fences. 

the fields were overgrown with tangled brush, the amount of effort 
ured to climb even a relatively high fence might be insignificant 
ompared to that required to cross the field. 
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We believe this picture to be closely parallel to the 










tionship of machinability and grain-size; and we feel that 

definite evaluation of the relative energy required for th 
rupture to pass through a grain as compared to that required 
the grain boundary, the true relationship of grain-size t 


ability will remain in the field of conjecture and speculation 
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Discussion: By N. A. Ziegler, Power Use Researc} 


It is a pleasure to hear from Mr. Graham that “ferrite is a ver 








entity’ and that “it consists of alpha iron which may hold various 
in dispersion ranging trom solid solution . . . to microscopically vi 
ticles.” It was known tor some time that last traces of accidental 
present m irons and steels are not as harmless as commonly believe: 


the experimental evidence presented jointly with Dr. Yensen it becon 





tain that even very small variations, not exceeding a few thousandths 











per cent, in the amounts of impurities present in iron alloys, result in 1 
different magnetic properties 
Since this 1s an established tact, it would be only logical to suppos 


ther properties of steels, such as machinability, hardenability, etc., are equal] 


i al 







susceptible to such small variations which usually are beyond the det 
tion by ordinary analytical methods It is often stated that two lots of ste 


of supposedly identical composition have widely different properties. Late] 


indicated by the present symposium, many of such mysteries have been s 





but there still remains a great deal of work to be done in order to 






a better control of properties in our commercial alloys. 


Che solution of this problem should be approached from two directions 


| \ more refined laboratory technique, resulting in a widet 










edge and understanding of our commercial alloys. 
’. A better plant technique, so that the laboratory discoveries « 
be successtully applhed to the manutacturing and treatments of out 
thus resulting in a more accurate control of their properties. 
Written Discussion: By H. W. McQuaid, research metallurgist, R 
public Steel ( Orp., Massillon, Ohio. 
| read with interest this paper which covers a field of the greatest practica 
importance It was somewhat disappointing to find that a more definite « 
nection was not developed between some controllable factor and machinabilit 


lt is my beliet, based on a rather large scale investigation, that the g 


ot the steel as machined has a very definite bearing on tool life and finis! 





is not, however, the only factor, and hence the effect of the “‘as-is” grain-s 





otten overlooked. In my opinion, the reason that a more definite eff 





grain-size was not developed was because no truly coarse-grained samples we! 





tested. In the class of steels tested, the grain-size should be fairly coarse 
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temperatures are employed. Here, of course, we mean thy 
“as-rolled” condition and not the grain-size as developed by 
test ‘| he advantages of coarsening the grain by employing as 
peratures as possible consistent with safe Operating practice, 

established, particularly in the field of alloy steels 

nnection between the McQuaid-khn grain-size and machinability is 
only indirect, since it shows the grain-size after a prolonged heating 
legrees Fahr. We are, however, interested in the grain-size after the 
lling operation, and if this is well above the coarsening range of the 


question, as it should be, we are not concerned with the McQuaid-Ehn 


true of course, that the coarse grained type as shown by the McQuaid 
in-size test can be finished at a lower rolling temperature with less 
effect on machining than if it had been of the fine grain type as shown 
MecQuaid-Ehn test. Since in this class of steels the coarsening range is 
mately 1800 degrees Fahr. for the fine-grained steel, the McQuaid 
st becomes of little value providing the finishing temperatures are well 
1800 degrees Fahr. The higher the finishing temperature above 1800 
Kahr. the better the machining results should be, regardless of the 


re at 1700 degrees Kahr. as shown by the McQuaid-khn test 


Author’s Reply 


Mr. Ziegler’s comment interested me in one way He used a certain 
ecology, and I do not mean to take exception to that phraseology because 
w he used it extemporaneously. He said that certain extraneous mat 
d been found net so harmless as had been thought. 1 think Mr. Ziegler 

us probably realize that it is not a question of harmfulness, but it 1s 

tion of using these minor elements to whatever extent we can obtain 

of them. The technology of not only iron and steel metallurgy, but 

rrous metals is full of cases where extremely small amounts of material 

been used to great advantage. These minor elements or extraneous mate 

nay be either harmful or helpful, and the problem of modern metallurgy 
ts of using them to advantage. 

Mr. MeQuaid’s comments on high temperature rolling over other treat 
are interesting. If one starts with steel in billet or bar form, one can 
that point onward improve its machinability somewhat, whether by rolling 

itures, heating temperature, normalizing treatment or what not; but 

tain cases improvement is obtained by going to a larger grain or to a 
grain. We suspect that if it had been possible to lay aside those 

lar lots or samples, and go back to the original steel-making and come 
again with some variation, a little more fundamental in nature, the 


might have been far better than the original material in either the large 


grained condition. In other words, to our point of view, finishing 


ure, normalizing treatments, ete., are rather additive effects, super- 


upon the original quality of the material. 
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GRAIN-SIZE CONTROL OF OPEN-HEARTH 
CARBON STEELS 


By S. Epstein, J. H. Neap, anp T. S. Wasupurn 


Abstract 























Al study of grain-size control of open-hearth st. 
showed that this can be assured by the use of modera 
ladle additions of aluminum and by controlling the ma 
ganese and silicon content of the steel. Such control 
predicated on good furnace practice, but given good fu 
nace practice, no other recourses than those mention 
appear to be necessary. 

he additions required to give a fine-grained ty; 
of steel were found not to increase the inclusion conte; 
appreciably when the aluminum was added, either in th 
ladle or mold. The steel became more deeply pipin 
however, necessitating the extra cost involved in the us 
of hot topped molds. 

lensile, liardness, tmpact, hardenability, and grain 
growth tests of the steels obtained in the study were made, 
and the general properties of the coarse- and fine-grained 
fyPes Of steel were compared and discussed. Neithe: 
type of steel has the advantage over the other for all uses; 
for some purposes coarse-grained would seem to be bet 
ter and fine-grained for others. 

Positive grain-size control in the open-hearth fw 
nace enables the production of either type of steel at will, 
thus affording the steel user a dependable and uniforn 
supply of whichever type of steel he prefers, uniformity) 
of the supply being especially important in mass pro 


INTRODUCTION 







] [’ is now increasingly plain that the principal factor of what is 
known as “body” in steel is the grain-size or grain-growth 
characteristics. Grain-size can be easily determined and expressed 
numerically (1).* The relative clarity and definiteness thus mad 





possible, as contrasted with the nebulous ideas implied in the pre 


t 












‘lhe figures appearing in parentheses refer to the bibliography appended to this | 

\ paper presented as part of the Grain-Size Symposium of the Sixteent! 
\nnual Convention of the Society held in New York City the week of Octobe 
1, 1934. Ot the authors, who are members of the Society, S. Epstein is meta 
lurgist, Battelle Memorial Institute, Columbus, Ohio, J. H. Nead is chi 
metallurgist and T. S. Washburn is metallurgist, respectively, of the In! 
Steel Co., Indiana Harbor, Indiana. Manuscript received July 14, 1934 


942 

























FRAIN-SIZE CONTROL OF CARBON STEELS 943 





erms, “body,” “personality,” ‘quality factors,” and others, 
largely to the pioneer work of McQuaid and Ehn (2) and 
}) among a host of other workers in this field. McQuaid 
found that the ability of carburized steel to harden on 
was related to the so-called “normal” or “abnormal” struc 
f the steel. Bain demonstrated that the grain-size was prob 
the controlling element in hardenability. 
(he abnormal structure observed by McQuaid and Ehn in the 
ed layer of carburized samples differed in two respects from 
mal structure. I*irst, the grain-size was much finer; second, 
he hypereutectoid cementite was coalesced into relatively large masses 
ii of forming a fine network about the pearlite grains—even 
pearlitic cementite tended to coalesce. McQuaid and [hn rather 
phasized the second feature of the abnormal structure, namely, 
oalescence of the cementite. In fact, it was their preoccupation 
with this feature of the abnormal structure which probably resulted 
their use of the unfortunate term “‘abnormal’”’ steel; otherwise 
they might have called it simply fine-grained steel. Partly on this 
count also they attributed “abnormality” to the presence of dis 
solved oxides in the steel, although they inclined to the view that 
“solution” of the oxides was probably of a colloidal nature. ‘That 
there may be some foundation for the theory of dissolved oxides 
indicated by the work of Grossmann (4), (5). 
However, the feature of fine grain in the abnormal structure 
rly came to the fore. For the production of fine grain the pres 
ence of undissolved oxides or other refractory particles that would 
ict as nuclei for crystallization and as obstructants to grain growth 
luring carburizing and other heat treatments seemed to supply the 
most acceptable mechanism. It is now generally held that sub- 
ucroscopic refractory particles, mainly oxides, are the cause of 
' grain. 
Usually, a whole heat of steel is either coarse- or fine-grained. 
tact indicates that control of grain-size resides in the furnace 
1 deoxidation practice and is consistent with the idea that abnor 
lity and fine grain are due to oxides. In McQuaid and Ehn’s 
early work (2) it is mentioned that deoxidation of laboratory melts 
i aluminum produced a fine-grained structure. Later, Epstein 
Kkawdon (6) found that commercial abnormal steels were gen- 
e1 higher in aluminum content. They demonstrated that in open- 
th steel the addition of about one pound of aluminum per ton 
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in the mold made steel fine-grained, and thereupon sugg: 
suitable experimentation with the final deoxidation practice 
minum additions should enable the production of either 
coarse-grained steel at will. Since then, announcements o{ 
ular control of grain-size have been made by several steel n 
turers. Although the exact procedure has been surrounded 
or less secrecy, it appears rather obvious that the general mea 
are those already indicated. Although such statements n 
interpreted to imply that rather unusual open-hearth furna 
tice 1s involved in positive grain-size control, the work abou 
described indicates that given good furnace practice, as or 
understood, grain-size can be regularly controlled by prop: 
deoxidation, augmented by moderate aluminum additions in t! 
and, if desired, in the mold. 

Properties of Coarse- and Fine-Grained Steel. The fit 
served difference between the properties of the coarse- an 
grained steels were those by McQuaid and Ehn on carburizing 
hey found that those of fine grain were more prone to giv 
spots on quenching; in other words, they were shallower hard 


ing or had lower hardenability. Nonuniform hardening, or the py 





ence of soft spots, tends to increase warping. The fine-grained stee! 


also carburized less deeply than those of coarse grain. Increas 


warpage and shallower and slower carburization are obvious dett 


ments. In carburizing steel low hardenability may also be consider 
as a drawback, because this calls for extra care in quenching to i 


sure a uniformly hard case. However, for many uses of mediu 


carbon and tool steels a shallower hardening is preferred becaus 


of the greater toughness. Moreover, it soon became evident 


even for carburizing steel fine grain may have decided compensatory 


advantages. 


\fter carburizing, the core of a fine-grained steel is tougher 


than that of a coarse-grained one and shows considerably highet 


pact resistance (6). Both the core and the case of fine-grained st 


remain so even after the prolonged heating in carburizing, s 
a “core-refining” heat treatment is unnecessary and the carburiz 
articles may be quenched directly from the carburizing temperatur 
lor other than carburizing steel as well, the fine-grained steels | 
a much wider heat-treating range, because the austenite produ 
on heating appreciably above the critical range does not coarsen 


is the case when a coarse-grained type of steel is overheated. l'11 
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steels are less subject to cracking on quenching than those 


erain and are less hable to check in grinding (8) 
as also been found that fine-grained steels are less embrit 
old work (9). This property is of advantage in punching 
ctions (9), in heavy reductions by cold rolling (10), and 
fits are reported to have been observed in such operations 
ing and trimming (7). I*ine-grained steels have higher im 
sistance at low temperatures (9). It is stated (7) that th 


low more readily in forging than the coarse 


ined steels f{ 
steels and show less forging defects. As might be expected, 
erained steels have a somewhat higher elastic limit (7). 

itferences in machinability between the coarse- and the fine 
steels have been observed, and in the normalized condition 

rmer appear to have the advantage in this respect; McQuaid 
tates that metal 1s removed more freely from coarse-grained 
although those with fine grain give a smoother surface. Afte1 
hing and tempering, however, it is reported (7) that metal 
be removed more rapidly from fine-grained steel, possibly be 

of its lower hardenability and hence lower hardness after a 

h and draw at a given temperature and for a given time 

hese differences in behavior between the two steels have genet 

been observed by steel users; the evidence for some of the al 
differences 1s none too certain and may leave the steel pro 
unconvinced. In fact, the latter, even if he has learned to 
| the grain-size, may, perhaps, regret that this additional burden 
ntrol is being placed upon him, on top of already too numerous 
cations. However, there is no doubt that many large steel 


feel certain that grain-size materially affects the behavior dur 


fabrication and in service. For some parts coarse-grained steel 
be wanted; for others, fine; i quantity production one may 


above all, uniformity of grain-size. Users, therefore, try to 


re their steel from a manufacturer who can regularly control 


rain-size. 

Uhe steel producer is, of course, willing to furnish the grain- 

known to be best suited for the customer’s requirement, where 
in be done without appreciably increasing the cost. But if 
lied grain-size is specified by the customer and is a matter of 
le rejection, then the steel producer should be properly com 
ted by suitable extras for the additional cost involved. 


Vhere grain-size is important in the customer’s processing, a 
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definite grain-size requirement may be desirable. Otherwisy 
ties in machinability, heat treatment, and_ fabrication 
ascribed to some other relatively unimportant factor. Or, as 
of the customer’s mystification as to what is causing the 
he may be inclined to limit the chemical specifications too n:; 
and without benefit. 

In other words, it would seem to be of advantage to b 
steel producer and steel user if the vagueness implied by suc] 
as ‘quality factors’ and “personality” could be largely elin 
















by relating these qualities to such a readily measurable quai 
grain-size. In many instances this apparently can now b 


What grain-size is most suitable for a certain use can often o1 
determined by the closest co-operation between the steel mak« 


the steel user, and such co-operation already exists in many insta 


CONTROL OF GRAIN-SIZE 





In the experiments that were made to study grain-size contro! 


the principal variable was the amount of aluminum added in the lad\ 
or mold. It was soon obvious that with large additions the ste 
would be fine-grained, and without aluminum it would be coarsi 
grained. However, the problem of control is not altogether so simpl 
as this. If only to conserve the amount of aluminum used, it is di 
sirable to add as little of this element as possible to fine-grained steels 
On the other hand, aluminum is of recognized value as a final 
oxidizer, and it ‘would not always be desirable to exclude its use 11 
coarse-grained steels. The point is that, aside from whether it is 
coarse- or fine-grained, the steel must be first of all good steel. What 


must be determined then for positive grain-size control is the mini 











mum amount of aluminum that will always make steel fine-grained 
and the maximum amount of aluminum that will always still leave 
the steel coarse-grained. 

On the assumption that the active agent in grain-size contro! 
is a suspension of tiny particles of aluminum oxide, it is obvious 
that the production of this chemical compound demands the pres 






ence both of metallic aluminum and of oxygen. The latter may 
be in the form of a reactive oxide of one or more of the metallic 
elements in steel, presumably iron oxide or manganese oxide, in solu 
tion in the bath so as to be uniformly disseminated and ready to pro 
duce the desired aluminum oxide in a uniform dispersion. 
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;, every factor that may affect the composition of the bath 
content of reactive oxygen has to be considered in the con 
rain-size, just as much as the amount of aluminum to be 

| the conditions under which it 1s added. 
ice. in critical control the state of deoxidation (or more ac 
of oxidation, because reactive oxygen is needed) of the 
before the aluminum is added plays an important part. lor 
le, it apparently takes less aluminum to make a higher car 
teel fine-grained than a lower carbon steel. Similarly, but much 
re decidedly, the silicon content of the steel strongly influences 
the amount of aluminum required to make the steel fine-grained, this 
appreciably less in steel of higher silicon content. The man- 
nese content plays a role similar to silicon, though its effect is not 

pronounced. 

How the state of deoxidation of the steel before the aluminum 

ldition affects the outcome may, perhaps, be pictured as follows: 
the steel is highly oxidized, the aluminum added is more likely 
form large inclusions instead of sub-microscopic oxide particles, 
ecause of the greater amount of oxygen present and because the 
luxine action of the excess iron oxide would tend to increase the 
ze of the inclusions. Presumably, the larger inclusions would not 
make for fine grain as effectively as the sub-microscopic particles. 
\fter preliminary deoxidation, however, usually with manganese, 
silicon, the particles that form on adding aluminum would be 
small enough to cause fine grain. In the case of previous deoxidation 
vith silicon, moreover, the aluminum might reduce some of the sili- 
present to form alumina; under these circumstances the par- 
ticles formed would also tend to be very small. For this and other 
reasons it may be stated here that it is preferable to add the alumi 
num after, rather than before, the other deoxidizers. 

‘rom the foregoing it is evident that the melting procedure or 
general furnace practice in the open-hearth must have its influence 
n the final grain-size. Mention has already been made of the an- 
nounced (7) recourses (aside from the usual slag analyses and meas- 


ren 
‘ 


ents of the rate of carbon drop) for checking the furnace prac- 


tice to Insure positive grain-size control. The development of such 


tests may be of equal interest in general open-hearth prac- 
However, it can be concluded as a result of this study that 
1, well-established furnace practice need not be tampered with 
rain-size control. Positive control can be accomplished merely 
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by fitting final aluminum additions to the condition of th 








the carbon, manganese, and silicon content of the steel. 












ISX PERIMENTAL RESULTS 


Che effect of aluminum on grain-size 1s illustrated b 
2, and 3 of carburized samples of the first four heats (se: 
lable | lor the MecQuaid-Ithn tests the samples were \ 


at 1725 degrees leah (940 degrees Cent.) for ten hor 










open-hearth heats referred to were 125 and 90 tons, and 
weighed approximately five to eight tons. The aluminum 
to the mold as small chunks, distributed umformly throug! 
eot from bottom to top as it was being poured. 

lig. 1 shows that the addition of 1 pound of aluminun 


in the mold made the steel fine-grained both in heat 16864, 





no aluminum had been added in the ladle, and in heat 















which | pound per ton had been added. Although it tend 
duce the grain-size somewhat, | pound of aluminum per to: 
ladle in heat 27109 did not produce a tine grain. It 1s obviou 
this that mold additions of aluminum are more effective tl 
additions in causing fine grain. 

lor the experiment illustrated in Fig. 3, it had been 
to choose a heat of simular carbon and manganese content 
lo874, but with 0.20 per cent instead of 0.13 per cent. silicor 
such a heat as with the higher silicon, the addition of 1 pow 
aluminum per ton in the ladle would have made the heat fine-grau 


with the lower silicon, however, a further addition of 4 ounce: 






ton of aluminum in the mold was required. Likewise, in 


of Table |, in heats with higher carbon and manganese cont 











with silicon ranging from 0.11 to 0.17 per cent, the additior 
pound per ton of aluminum in the ladle was enough to make thi 
fine-grained. It will be observed, however, that in series ILA 
21781, which had the lowest carbon, manganese, and _ silicon ¢ 
tent in this series, the full effect of fine grain was not accom] 
by 1 pound per ton of aluminum in the ladle; the case was fin 


the core was coarse. It was concluded as a result of these test 







to insure fine grain in steels ranging from 0.15 to 0.50 per cent 
bon, with about 0.50 per cent manganese, by means of about | 
per ton ladle addition of aluminum, the steel should contain not ! 


less than 0.15 per cent silicon. With an appreciably higher m 





Table | 
Results of Experimental Series of Open-Hearth Heats 
for Study of Grain-Size Control 


Alu 
Ladle Analysis minum 
Per Cent in Ladle 
Furnace Oz 
Mn Si Additions per Ton 


0.40 0.03 SiMn none 
SiMn 


SiMn 


SiMn 


SiMn 


Spregel 
t-FeSi 


Spiegel 
KeSi 


SiMn 


SiMn 
4 
Q 
12 
l6 as none 
Al-Si-Fe 
Alloy 
bs as 
Al-Si-Fe 
Alloy 


‘ontent the silicon may be lower and under favorable turnacs 
tions may be as low as 0.07 per cent. 


‘i course, if mold additions of aluminum are countenanced, 


licon content could be somewhat lower. With about 0.12 pet 





TRANSA( 


Fig McQuaid-Ehn ' 


Heat 


18 


16864 

Per Cent 
0.03 Per Cent 
Aluminum 


1OY 


Cat bon, 
Silicon 
in ladle 


0.40 Per 


er Cent 
Per Cent 
vunhees per 


Carbon, 0.35 
Silicon 
ton Aluminum in 


Per 


UUs 


Cent 


Cent 


I adle 
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rests Showing Effect of Aluminum in Ladle and Mold. 


Treatment and Result 
aandc 

No Aluminum 
in mold 


b and d 
1 Pound Alu 
minum per ton 
in mold 
Fine Grain 


Manganese, 


Coarse Grain 
Manganese, 
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McOuaid-Ehn Tests Showing Effect of Aluminum in Ladle and Mold. 


Heat 16874: 0.21 Per Cent Carbon, 0.47 Per Cent Manganese, 0.20 Per Cent 
on; no Aluminum in Ladle. 
i—No Aluminum in Mold, Coarse Grain. 
b—8 Ounces Per Ton Aluminum in Mold, Mixed Grain. 
12 Ounces Per Ton Aluminum in Mold, Fine Case, Coarse 
16 Ounces Per Ton Aluminum in Mold, Fine Grain. 





PIONS OF THE 


By —~MeQuaid-Ehn Tests Showing Effect of Aluminum in Ladle and Mold 


Heat 4970: 0.18 Per Cent Carbon. 0.42 Per Cent Manganese, 0.13 Per Cent Sil 
16 Ounces Per Ton Aluminum in Ladle. 


a—No Aluminum in Mold, Coarse Grain 
b—4 Ounces Per Ton Aluminum in Mold, Fine Grain. 


c—8 Ounces Per Ton Aluminum in Mold, Fine Grain. 





ig? ( ILRBON § 


| pound per ton of aluminum could be added in the ladle, 
h an addition ot 4+ ounces per ton in the mold should in 
erain The experiments made did not indicate such mold 
of aluminum to be harmful. Where only a part of th 
rdered fine-grained and a coarse grain is desired for the 
it would be a simple matter, therefore, to make alumi 
itions in the mold tor the fine-grained portion of the heat 
al. however, it 1s not regarded as desirable to use aluminum 
mold. and the aim, therefore, in the grain-size control ex 
was to produce fine grain by ladle additions only 
limits below which the aluminum additions must be kept 
a coarse-grained steel are also fairly clear. In general 
pound per ton in the ladle to a steel of 0.10 per cent silt 
ntent or less should produce a steel of coarse grain. 
The relations between carbon, manganese, and silicon content, 
ditions of aluminum, and the resultant grain-size in a con 
le number of open-hearth heats are shown in Table Il. It 
observed that there are virtually no exceptions to the rules 
indicated for insuring grain-size control. 
\Ithough the silicon content plays such an important part in 
fine grain by means of ladle additions of aluminum, it 
be emphasized that a fine grain cannot be obtained by even 
h-silicon content in the absence of aluminum. This is illustrated 
+ of the carburized layer of a structural silicon steel which 
ntained 0.45 per cent silicon, but which still had a moderately coarse 
Several similar high-silicon structural steels are shown in 
Il, all with relatively coarse grain. 
termediate Grain-Size. An important limitation of the method 
rain-size control by means of aluminum alone is that in general 


of intermediate size is difficult to obtain. This is illustrated 


2, band c. Insufficient aluminym to quite give a fine grain 


ot result in an intermediate size, but rather in a mixed grain, 
lig. 2b, consisting of coarse and fine grains, or in a fine-grained 
da coarse-grained Core, as in ig, 2c. It is not readily pos 


) obtain an intermediate grain regularly like No. 4 on the 
. M. grain-size chart, in plain carbon steels. Large addi- 
{ manganese and silicon tend to reduce the grain-size (com 
ig. 4 with Fig. la), so that by this means, and possibly with 
aluminum additions, an intermediate grain should regularly 


inable. However, the silicon and manganese contents would 









































































































































































































































































































































































































































Carl 


on 


Range, 


oO 


0.30 
0.49 
() ) 
0.60 
0.70 
0.89 
0.90 
1.10 


Heat 
13918 
21627 
26636 
4839 
9198 
17090 
16874 
{2X9 
18473 
TORY 
10268 
19261 
20018 


SsSon 
QO7S52 
10313 
$893 
3861 
26640 
19343 
20102 
14447 
22476 
16885 
25048 
26831 
13920 


> 


fAn unusually low 


Grain-Size 


Grade 

of Steel 
Commercial 
Commercial 
Commercial 
Forging 
Forging 
Forging 
Forging 
Commercial 
Forging 
Forging 
Forging 
Forging 
Forging 





Forging 
Forging 
Forging 
Forging 
Forging 
Forging 
Forging 
Forging 
High-silicon 
structural 
High-silicon 
structural 
High-silicon 
structural 
High silicon 
structural 
High-silicon 
structural 
Forging 
Forging 
Forging 
Forging 
Forging 
Forging 
Forging 
Forging 
Forging 
Forging 
Commercial 
Commercial 
Forging 
Commercial 
Forging 
High silicon 
structural 
Silico-Mang: 
nese spring 
Commercial} 
Commercial 
Commercial 
Commercial 
Commercial 
Spring 
pring 
pring 
Spring 
Spring 
Spring 
Spring 
Spring 
Spring 
Spring 


vield 


Table 
of Heats Made in 


Ladle Analysis 
Per Cent 


0 
0 
0 
0. 
0, 
0 


0.7 
0.7 
0.7 


0 


07 
Q, 


() 
1) 
0 


was obtained 


J 


mew 


J 


> CO 


95 
96 

19 
9? 


Mn 
0.60 
0.62 
0.65 
0.71 
O.83 
0.92 
0.48 
0.40 
0.44 
0.49 
0.39 
0.47 
0.83 


0.52 
0.60 
0.66 
0.60 
0.60 
0. 
0.55 
O.55 


1.28 


0.90 
0.90 


“NIU 
mY 


> 
wu 


0.90 


a7 
U 6Y 
0.87 
0.72 
0.80 
0.75 
0.70 
0.82 
0.74 
0.68 
0.68 
0.42 
0.38 
0.27 


0.33 


0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
U. 
0. 
0.2 


0. 
0. 
V0. 
0. 
0. 
0. 


Q. 
0.5 


0 
0 


) 


0 


0. 
0, 
0. 
Q, 


0 


Q. 


t] 
0 


0.2 


u) 


0 
0 


0. 


0, 
0 


0. 


0 


0. 


0. 


0.3 


Q. 


U. 
0. 
0. 
0. 
0. 
0. 





09 
12 
18 
19 
16 


UO, 
07 
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Furnace 
Additions 
Spiegel + FeSi 
Spiegel + FeSi 
Spiegel FeSi 
Spiegel + FeSi 
Spiegel + FeSi 
SiMn 
SiMn 
SiMn 
SiMn 


Spiegel + FeSi 


Spiegel + FeSi 
Spiegel + FeSi 
Spiegel + FeSi 


Spiegel FeSi 
Spiegel + FeSi 
Spiegel + FeSi 
Spiegel + FeSi 
Spiegel + FeSi 


Spiegel + FeSi 
Spiegel + FeSi 


Spiegel + FeSi 
Spiegel FeSi 
Spiegel + FeSi 
Spiegel FeSi 
Spiegel t- FeSi 
Spiegel + FeSi 
Spiegel + FeSi 
Spiegel FeSi 
Spire gel + FeSi 
Spiegel + FeSi 
Spiegel + FeSi 
Spiegel +. FeSi 
Spiegel FeSi 
Spiegel + FeSi 
Spiegel + FeSi 
Spiegel + FeSi 


Spiegel + FeSi 


Spiegel + FeSi 
Spiegel + FeSi 
Spiegel + FeSi 
Spiegel -+- FeSi 
Spiegel + FeSi 
Spiegel FeSi 
Spiegel FeSi 
Spiegel FeSi 
Spiegel + FeSi 
Spiegel + FeSi 
Spiegel + FeSi 





Aluminum 
Additions, 
Oz 


11 
16 
16 
16 


16 
16 
16 
16 
16 


16 
lo 
lo 
16 
16 


16 
16 


these heats because the 
quired to give fine grain increased the depth of piping. 





M. 


Regular Production 


per Ton 
Ls 
Ladle Mold 
& 0.6 - 
12 a ° 
0.6 
+ é 
16 


3 Cl 
Vv) . 
1/6 * 
3 8 
1/4 ' 
1/4 * 
iw «| 
1/4 

1/3 


aluminum 
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have to be so high as to remove the steel from the cate- 
rdinary plain carbon steel. The problem of the regular produc- 
a steel of intermediate grain-size calls for further study. This 
t mean that the coarse-grained, plain-carbon steels have the 
e grain-size corresponding to No. 1 on the A. S. T. M. chart, 


it the fine-grained steels are extremely fine, corresponding to 


Fig. 4—Moderately Coarse Grain in Carburized Layer of 
Structural Silicon Steel. ~ 100. 


Heat 22333: 0.38 Per Cent Carbon, 1.12 Per Cent Man- 
ganese, 0.45 Per Cent Silicon. 


8. The coarser-grained steels observed in this study usually 
ranged from No. 2 to No. 3 and the fine-grained steels from No. 
5 to No. 7 
than No. 7. 


Piping in Fine-Grained Steel. Because of the amounts of sill- 


The aluminum additions never gave a grain-size finer 


con and aluminum required, fine-grained steel tends to be more 
deeply piping than the ordinary commercial grade of steel. The lat- 
ter is not usually hot-topped, so that a tendency toward deeper piping 
would reduce the yield. The purpose, therefore, of making the ex- 
perimental heats Series III in Table I was to determine whether 
a fine-grained steel could be made that would not tend to pipe deeply 
in an ingot without a hot top. One of the lines of attack was to add 
less aluminum in the ladle and more in the mold, because the latter 
is more effective than the former in causing fine grain. Less sili- 
with more aluminum in the ladle, was also tried, as indicated 


‘ries III of Table I. 


'o obtain quantitative results of the depth of piping would have 
sitated successive croppings from the top blooms of the ingots 
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until the end of the pipe was reached. This was not dor 
ever, deep-etch tests definitely mdicated that the minimu 
and aluminum contents required to cause fine grain mad 
more deeply piping than ordinary commercial steel. 

Chis result is of considerable commercial importan 
quently a steel user wall order an ordinary commercial gra 
hot-topped) steel even if he wishes to use it for forging 
This, of course, is his privilege and his own responsibility 
ever, if he goes a step further and orders fine-grained cor 
steel, he will be burdening the steel maker with the increased 
involved not only in an additional item of control and in 
creased amounts of silicon and aluminum required, but als: 
necessarily lower yield obtained, if the product is to be croy 
til no piping is in evidence. Although the tests made wer 
haustive, it would appear that because of the depth of piping | 
not be economical to make fine-grained steels except in hot 
molds. Thus, a fine-grained steel should really belong not w 
commercial grade (non-hot-topped) steels, but with the highe: 
forging steels which bear the price extra for forging qualit 
which are customarily made in hot-topped molds. 

Depth of Case. The depth of case obtained for a given | 






















burizing treatment is a fairly important consideration in carbu 

\s already stated, it is well known that the case tends to be le 

in fine-grained steels than in those of coarse grain. This was co 
firmed by microscopic measurements of the depth of case (to tl 
extremity of the eutectoid zone) of the experimental series of | 
and ingots shown in Table I. In coarse-grained steels the case aver 
aged 10 to 20 per cent deeper than in the fine-grained steels. It wi 
be noted that once the mold addition of aluminum had made the ste 
fine-grained, any further addition did not tend to decrease the dept! 
of case. The case depth was naturally deeper in the higher carbo 
steels. Manganese may also increase the case depth. Possibly, ther 
fore, the comparative shallowness of the case in the fine-grained ste 
may be overcome by raising the manganese content, and, perhaps 
even by going to a slightly higher carbon content; with the greate 
toughness of the fine-grained steel a higher carbon content in the co 
should not be objectionable. 


Microscopic INCLUSION CoUNTS AND OximpE ANALYSES 


. . . . ° a 
The use of aluminum as a deoxidizer is generally considere¢ 
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ectionable tor cleanness ot steel. \s the method of obtain 
rain herein described depends on the use of aluminum, it 
ht desirable to determine the cleanness of the experimen 
made, and of the ingots of these heats to which varying 
f aluminum had been added in the mold. 
nness of the steel was determined by the microscopic method 
by Epstein (12) and by the electrolytic extraction method 
pknesium iodide as the electrolyte, described by Scott (13). 
the microscopic method the inclusions 1n the rolled steel are 


ned in a 2-inch round section rolled or forged from the bil 


ogrons 
J 


J 


‘ 
r----- 
' 

' 


Fig. 5 Sampling the 2-Inch 
Round for Microscopic Examination 
for Inclusion Count. 

All of the Larger Inclusions in 
the Cross-Hatched Section are 
Counted at 100 Magnification. 


\ll of the larger inclusions in a longitudinal section of the 
ch round bar ™% inch square in area are counted at 100 magni- 
itions. The section is taken through the axis of the round and ex- 

inch along the length of the bar from the center to the out 

ig. 5 shows the section examined. Only the larger inclusions 
counted. These are weighted according to size, and hence to 
probable adverse influence on the mechanical properties, as 
ited in the reference (12) cited. The inclusions can readily 
divided into sulphides, silicates, and oxides by their appearance. 
total weights for all of the larger inclusions in the sample give 


ndex number of cleanliness for that sample. 


(he microscopic inclusion counts and the oxide analyses of the 

imental heats are listed in Table III. It will be observed that 

neral the correspondence between the inclusion counts and the 
inalyses is fairly good. Thus, both methods decidedly indicate 
oxides in the bottom than in the middle of the ingot. 

he four higher carbon heats (15125, 21781, 23949, and 23950) 
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Table Ill 


Microscopic Inclusion Counts and Oxide Analyses of Experimental Ser 


Open-Hearth Heats for Study of Grain-Size Control ; 


Microscopic 
Inclusion Counts® Oxide A 



























w 
Alin McQuaid- 0 @ wn ® 
Heat In- Mold Ehn < oo 3 = ee 
Number and got Oz. per Grain- Position = = "3 ~ s aa “ 
Description No. Ton Size in Ingot nN 5 BO nA =a . 
1970, Group 2 none Coarse Top 0 0 6 6 
ID, 0.18% C, Middle l 0 8 8 
0.42% Mn, Bottom 0 0 21 21 
3 S nn ~ 
cies in 6 lop : |. @ 3 
iMn im tus 3 4 Fine Middle 0 0 10 10 
nace Bottom 0 0 2¢ 2¢ 
Al in ladle 16 | . ag a 
z. per ton ' 8 Fine lop 0 0 30 30 
Middle 5 0 5 5 
Bottom 0 0 30 30 
176, Group 2 none Coarse Top x 0 2 2 
IITA, 0.18% C, Middle 5 0 2 2 1.9 7.0 
0.57% Mn, Bottom l 0 48 48 ha 23.9 
eine. oI 3 ' Fine Middle 5 0 9 9 
a in fur Bottom 0 0 41 41 
Al in ladle 20 } 8 Fine Middle 7 0 2 2 
z. per ton Bottom 0 0 30 30 
12 Fine Middle 2 0 3 3 2.3: 95 






Bottom 



















887, Group 2 none Coarse Top 12 10 0 10 
ILIB, 0.18% C, Middle 0 40 0 40 19.7 §.0 24 
0.45% Mn, Bottom l 31 0 31 20.5 4.8 
0.03% St 3 4 Coarse Top 10 = F.. 
SiMn in fur Middle 4 4 21. 25 
NS Bottom 0 3 0 3 
Al in ladle 6 ’ ee 
oz. per ton ' 8 Coarse lop 54 0 12 12 
Middle l 0 14 14 
Bottom 0 0 29 29 
5 12 Fine Top 0 0 51 51 
Middle 1 0 15 15 1.8 16.8 
Bottom 0 0 13 13 2.6 23 
HS89, G roup 2 none Coar se Middle 8 0 me) » 8.8 15 
ITID, 0.15% C, Bottom 1 6 19 ao £E.8 24.2 
0 40% : Mn, 3 } Coarse Middle 3 0 7 7 
0.06% ot Bottom 0 0 48 48 
SiMn in fur : . 
nace 4 8 Coarse Middle 4 0 11 11 
‘ , ) 
Al in ladle 6 Bottom 0 0 ye Ge 
Zz. per ton ) 12 Fine Middle 5 0 13 13 hawt iu 
Bottom 38 3} ie eek 




























15125, Group :¢ none Fine Middle 6 0 0 0 3.3 3.2 
ITA,. 0.44% C, Rottom 0 0 10 10 9 6 
0.76% |. Mn, 3 4 Fine Middle 3 O 1 1 
. iu oS ' Bottom 4 0 4 4 
oe 8 Fine Middle 5S 0 5 5S 1.5 3.1 
A] in ladle 16 Bottom 2 0 8 8 1.2 6.3 
oz. per ton 
21781 Group 2 none Fine Top 1 0 18 18 
IITAs, 0.32% C, case, coarse Middle ] 0 0 0 me S.. 
0.58% Mn, core Bottom 2 0 18 18 am eae 
0.11% St 3 4 Fine Top 3 0 24 24 
SiMn in fur Middle 5 0 12 12 
"Al i ladle 1 Bottom 0 0 5 5 
oz oat co "4 8 Fine Top 5 0 8 8 
Middle l 0 1 1 1 7.8 
Bottom 2 2 7.3 
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Table III (Continued) 


oscopic Inclusion Counts and Oxide Analyses of Experimental Series of 
Open-Hearth Heats for Study of Grain-Size Control 


Microscopic 
Inclusion Counts® Oxide Analyses” 


Alin McQuaid 
In Mold Ehn 
rot Oz. per Grain- Position 
Ni ‘Ton Size in Ingot 


none Fine Top 
Middle 
Bottom 
Fine Top 
Middle 
Bottom 
Fine Middle 
Bottom 


Fine Top 
Middle 
Bottom 
Fine Top 
Middle 
Bottom 
Fine Top 
M iddle 


Bottom 


none Coarse Top 
Medium Mauddle 
Bottom 
Fine Middle 
Bottom 
Fine lop 
Middle 
Bottom 
lop 
M iddle 


Bottom 


none 2 Top 
M iddle 
Bottom 
Top 
Middle 
Bottom 
| op 
Middle 
Bottom 


Group 2 none ; Top 
0.43% Middle 
Mn, Bottom 
P Top 
Middle 


Bottom 


FeSi 


idle 8 

in is 8 lop 

ethan Middle 7 ] “a fae 
Bottom 4 ‘ ; De .6 16. 


hgures are index number given to total weight of the inclusions observed in the 
the sample examined. 


ires given in thousandths of a per cent. 
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were treated with 1 pound of aluminum per ton in the lad 







heats, fine-grained without any further mold additions, 
cleanest heats in the experimental series. The further 
additions of 4 and 8 ounces per ton in the mold seemed 
noticeable effect in increasing the number of inclusions. 


Heat 5621. similar in carbon content to the four 










cussed, but with only 6 ounces per ton of aluminum in 
had an appreciably higher inclusion content. Here agai 
ther additions of aluminum, up to 12 ounces per ton in 
had no noticeable effect in increasing the number of. lar; 
sions. In fact, it may be stated that in none of the heats « 
did mold additions of aluminum up to 12 ounces per ton 
appreciable effect in increasing the number of large inclusio: 
The four lower carbon heats (4970, 2176, 4887, 4889) 
[1] had an appreciably higher inclusion content than the fi 
higher carbon heats referred to. In these lower carbon h 
ladle additions of aluminum varied from 6 to 20 ounces 
That the relatively higher inclusion content of these heats 



















caused by the ladle additions of aluminum is indicated by 
that heats 4970 and 2176 with ladle additions of 16 and 20 ow 
per ton, respectively, did not differ greatly in inclusion content 
heats 4887 and 4889; in fact, if anything, the two heats 
higher ladle additions were somewhat cleaner. The caus« 
higher inclusion content of these heats probably lies in th 
highly oxidized condition of the bath associated with thei 
carbon content. 
It should be noted that the ladle addition of aluminum re: 
to give fine grain, approximately 1 pound per ton in a steel of 
proper carbon, manganese, and silicon content, is really very 
erate. Frequently in regular open-hearth practice as much as 
pound per ton of aluminum in the ladle is added as an o1 
deoxidizer and scavenger, and with no thought of grain-size contr 
Heats 22523 and 26785, both of higher carbon, had a distinct! 
higher inclusion content than the clean* higher carbon heats 
ladle additions of aluminum in the case of these two heats were th 


same or less than in the clean heats, but the aluminum was addi 






the form of an aluminum-silicon-iron alloy, instead of as. stic 













*The term ‘‘clean”’ is meant here purely in a relative sense and is used 
comparison purposes As a matter of fact, all of the experimental heats exami: 
relatively clean and fully acceptable as commercially clean steel of their respective 
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The relatively high inclusion counts of these two heats 
been due to the use ot this alloy. It was probably not due 
of spiegel plus ferrosilicon, instead of silicomanganese in 
ace, as this practice produced a very clean steel in the case 
3950. 
results of the inclusion counts on heat 4887 are of interest. 
heat 6 ounces of aluminum per ton was added in the ladle. 
mold addition of aluminum, ingot No. 2 showed a consid 
number of silicates and no oxides. Ingot No. 3 with 4 ounces 
inum per ton in the mold, in addition to that in the ladle, 
less silicates and some oxides. Ingot No. 4+ with 8 ounces of 
um per ton in the mold showed no silicates, only oxides. Evi 
the mold additions of aluminum reduced the silica to form 
Che accompanying oxide analyses in Table IIL indicate 
inclusions recognized under the microscope as silicates or 
es are not pure SiQ, or Al,O,; the silicates may contain an appre 
amount of Al,O, and the oxides some SiQ.,. 
summarize, the moderate ladle additions of aluminum re 
to cause fine grain had no tendency to increase the number of 
ental inclusions. [ven the mold additions of aluminum used, 
12 ounces per ton, showed no such tendency. The use of an 
inum-silicon-iron alloy instead of stick aluminum as a means of 
ladle additions of aluminum appeared to offer no advantages. 
|, the two aluminum-silicon-iron alloy-treated heats were not as 
comparable heats treated with the equivalent amount of 
unum in the form of stick aluminum. But enough data are not 
ible on this to draw any definite conclusions. 
Surface. Of course, the inclusion count is not the only 


ire of steel quality. Often surface, which means the presence 


bsence of surface seams and other defects, is at least of equal 


rtance. The factor of surface could not be so readily deter 
d as the inclusion content. The few data available, however, 
as chipping costs, do not indicate that either the ladle or mold 
tions of aluminum required to give fine grain appreciably harmed 
urtace condition of the steel. 

oxidizers Other Than Aluminum. It should be mentioned 
that besides aluminum other strong deoxidizers like titanium, 
ium, and vanadium are also known to cause fine grain. The 
two give rise to tiny oxide particles, much as aluminum does, 


there is some reason to believe that vanadium also exerts its 
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grain-refining etfect through the mechanism of producing 
sub-microscopic particles rather than purely through its a 
lowering the amount of dissolved iron or manganese oxide. 
ever, somewhat greater additions of these elements appear t. 
quired than for aluminum, and they are considerably mor 
sive. The question is whether titanium and zirconium, for ¢ 
vive sufficiently better results, 1f any, than aluminum, to justi 
yreater cost, particularly for plain carbon steel. As already in 
the amount of strong deoxidizer required to give fine grain 
much greater than that frequently used in killed steel. The 1 
of what deoxidizer to use for grain-size control, therefore, d 
differ much from the problem of what strong deoxidizer to 
ordinary steel-making, and here, of course, aluminum is much 
widely employed than titanium and zirconium, for example. 
l‘urther tests are now in progress to determine whether zire: 
nium or titanium in conjunction with aluminum are more satisfact 
for grain-size control than aluminum alone. 


‘TESTS OF COARSE- AND FINE-GRAINED STEELS 






The material of the experimental series of heats given in Table 
|, with the varying additions of aluminum in the molds, proved esp 
cially advantageous for comparing the properties of coarse- and fine 
grained steel, because in several of the heats coarse- and fine-grained 
steel was available in adjacent ingots of the same heat. This gav 
assurance that extraneous factors, such as undue variations in chem 
ical composition, were absent and that grain-size alone was the mai: 
variable in the comparisons made. 

The tests made were tensile, hardness, impact, hardenability, and 


heating to determine at what temperature coarse-grain growth en 








sued in the fine-grained types of steel. It would have been of inter 
est also to compare the fatigue resistance, machinability, and forg 
ability of the coarse- and fine-grained steels. Such tests are con- 
templated but could not be undertaken in the time available for th 
preparation of this report. 

Tensile, Hardness, and Impact Tests. Most of the experimental 
heats were rolled into heavy billets, so that tests in the as-rolled con 







dition could not be conveniently made. This was, therefore, don 
only on the two heats 18473 and 4889. Aside from these tests in the 
as-rolled condition, billets from the middle and bottom of coarse- and 
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ned ingots of all of the heats (except heat 18473 which was 
irectly into 3¥g-inch thick channels) were forged down to 

ounds and tested atter heat treatment. 
is well known (14), and this was confirmed by observations 
ral of the experimental heats and on other heats examined in 
tudy, that usually there is practically no difference in grain-size 
n the coarse- and fine-grained types of steel in the as-rolled 
ition. The difference in grain-size only becomes apparent after 
urizing or similar higher temperature heat treatment. Hence, 
¢ out the inherent differences in grain-size between the coarse 
ine-grained steels, the 1-inch round specimens to be tested were 
heat treated (the coarse- and fine-grained samples exactly alike), one 
set being air-cooled after heating 1 hour at 1625 degrees Fahr. (885 

es Cent.), and another set being air-cooled after heating 2 
hours at 1750 degrees Fahr. (995 degrees Cent.). The specimens 
vere then machined to size. The tensile specimens were 0.505 inch 
diameter, 2-inch gage length. The impact specimens were standard 
Charpy bars with the drilled key-hole notch and were machined from 
the middle of the air-cooled 1l-inch round bars; the cold working 

f 9 per cent was done with a die, as described by Bauer (15). 
lo list the tensile, hardness, and impact test results completely 
uld take too much space. Only the averaged results are, therefore, 
shown in Tables IV and V. Table IV gives the results of the heats 
which both coarse- and fine-grained ingots were available, and 
lable V gives those heats that were fine-grained after the ladle addi- 
tion of aluminum, but in which the ingots that had a further mold 
iddition of 8 ounces per ton were also tested. 

It will be observed in Table IV that the yield strength of the 
liner-grained steel was appreciably higher than that of the coarser- 
grained steel, this being especially noticeable after the 1750 degrees 
Fahr. (955 degrees Cent.) treatment which brought out a decided 
itference in grain-size between the two types of steel. After this 
treatment, in the steels ranging from 0.15 to 0.19 per cent carbon 

vield strength was about 5000 pounds per square inch higher 


the fine- than in the coarse-grained steel. After the 1625 de 


ahr. (885 degrees Cent.) treatment, however, when the dif- 


nce in grain-size between the coarse- and fine-grained steels was 
there was a less difference in yield strength. In the as-rolled 
ition there was practically no difference. The tensile strength, 
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did not differ between the coarse- and fine-grain steels, 

the higher carbon range, where the coarse-grain steel showed 

hat higher tensile strength. The hardness in general con- 

to the tensile strength. The elongation and reduction of 

re slightly higher in the fine-grain steels. Although impact 

| not show the large differences between the coarse- and fine 

teels expected, they were definitely higher in the finer-grain 

particularly after the 1750 degrees Fahr. (955 degrees Cent.) 
ent and after cold working 9 per cent. 

will be observed that the samples from the bottom of the in- 

re somewhat softer, more ductile, and tougher than the sam- 

mm the middle of the ingot. This is no doubt a result of carbon 

ition in the ingot. ‘The uniform difference between the middle 

ttom of the ingots served to confirm the accuracy of the tests. 

(his is also confirmed by Table V comparing the test data on 

rained steels with no aluminum in the mold and with 8 ounces 

aluminum per ton in the mold. The difference in properties be 

them was negligible, indicating that once a fine grain is ob 

further additions of aluminum have little effect. It should 

noted, however, that the impact and ductility values were slightly 

higher in the samples with the mold additions of aluminum. This 

iy possibly have been caused by a slight diminution in grain size, 

though such diiferences were not recognized under the microscope. 


In the McQuaid-Ehn tests the fine-grained ingots without aluminum 


the mold, and with aluminum in the mold, had about the same 
size, 6 to 7 according to the A. S. T. M. grain-size chart. 

Che following conclusions may be drawn. Normalized fine- 

ned steels have an appreciably higher yield strength and impact 

istance and somewhat higher ductility than coarse-grained steels. 
tensile strength is about the same in both, unless in higher car 
samples the rate of cooling is fast enough (as it may be on air 

ling samples l-inch or less in diameter) for the greater lag in 
6) of the coarse- over the fine-grained steel to come into play. 

that case, the coarse-grained steel may have a somewhat higher 


e strength. If the rate of cooling is fast enough, the increased 


nability of the coarse-grained steel may presumably also re- 
its showing a higher yield strength than the fine-grained steel. 


in general, these differences in properties are in favor of the 


rained steels. However, they are predicated on an actual dif- 
ce in grain-size between the two, such as exists after carburiz- 
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ing and higher temperature normalizing treatments. They 
exist directly after rolling when there 1s generally no diffe 
grain-size between the coarse- and the fine-grained types 
Qn the other hand, for the important class of steel which 
treated above the critical range as in normalizing, anneali 
quenching (aside from carburizing and higher temperature 
izing which have already been mentioned), there is alway 
likelihood of obtaining a somewhat coarser grain in a coarse 
type of steel than in a fine-grained type. For such heat treat 
therefore, the advantageous properties of the fine-grained ty 
steel appear to deserve consideration. 

Hardenability Tests. As it has been repeatedly demon 
(6), (3), (7) that the fine-grained steels have lower hardenabilit 


than those with coarse grain, only a few hardenability test: 


made of the material of the experimental heats. Coarse- and 
grained specimens of one of the lower and one of the higher ea: 
bon heats were chosen. ‘These were tested after quenching in wat 
and in brine (10 per cent solution), in the as-rolled condition, and 
after carburizing. The samples were in the form of 134-inch round 
3 inches long. ‘They were heated for hardening in an electric mutt 
furnace in an air atmosphere. 

lig. 6 shows the difference in thickness of the hardened layer 
between the coarse- and fine-grained samples of heat 20875, contain 
ing 0.43 per cent carbon and 0.57 per cent manganese. After brine 
quenching from 1500 degrees Fahr. (815 degrees Cent.), the hard 
ened layer was considerably deeper in the coarse-grained steel, but 
the hardened layer was uniformly hard in both types of steel. Aft 
water-quenching, the hardened layer in the fine-grained steel was 
not only shallower but also non-uniform, containing soft spots 

lor most quenched parts the attainment of uniform. surtac 
hardness without soft spots is the main consideration. In the other 
hardenability tests, therefore, the surface hardness of the 134-1nch 
diameter cylinders mentioned was measured—six equally spaced lor 
gitudinal rows of Rockwell readings being taken around the cu 
cumference of the cylinder, five equally spaced readings in each row 
In the quenched lower carbon steel in the as-rolled condition the 
hardness was very low, and the Rockwell B readings taken wer 
merely averaged. In the other samples the results were expressed 
as an “index number of soft spots” (6). That means, only the read 


ings below 60 Rockwell C were considered as being an indication 
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Table VI 


Tests of Coarse- and 





Fine-Grained Steels 











Hardenability 





CARBURIZED SAMPLES 
Index Number ot Sott Spots* 
AS-FORGED SAMPLES : Quenched trom 1450° F. int 
Average Rockwell B Hardness Water Brine 
Brine-Quenched trom 1625° I Coarse inne Coarse ine 
it Numbet Coarse-Grained Fine-Grained Grained Graimed Graimed Grained 
ype ype Ly pe Dy pe ly pe 











Description ype 









per ton 





none, coarse 101 92.5 7 10 0 0 
pet 










90.4 











Index Number of Soft Spots* 
Quenched from 1500° F. into 






Water : Brine 
Coarse Fine Coarse Fine 
t Number Grained Grained Grained Grained 
Description Type ly pe Type lype 












C7 ¢ 
0.5/ % 





13% C, 
0% 1 


\l-Si-Fe alloy in 
per ton 












none, coarse l/ +4 , 23 l 3 0 0 


pel ton, 








lhe index number of soft spots was obtained by totaling weights of the hardness read 
60 Rockwell C for the 30 readings on the surtace of the 14qg-inch diameter speci 


) 


is follows: reading 55 to 60, weight 1; 50 to 55, 2; 45 to 50, 3; under 45, 4 














of soft spots, and these readings were weighted as follows: 55 


to 
00, weight 1; 50 to aah weight 2; 45 to 50, weight 3; below 45, weight 





}- The total weights for all of the 30 readings then composed the in 





lex number of soft spots. 





lable VI gives the results. It will be observed that in the lower 





carbon steel in the as-rolled condition, brine-quenched from 1625 





degrees Kahr. (885 degrees Cent.), the fine-grained steel averaged 





lower in hardness than the coarse-grained steel. In the higher car 





steel, in the as-rolled condition, the fine-grained steel had a 





r index number of soft spots, which means more soft spots, 





the coarse-grained steel both after water- and brine-quenching 





1500 degrees Kahr. (815 degrees Cent.). There were fewer 





spots after brine- than after water-quenching. 





In the carburized samples of both the lower and higher car- 





teel the fine-grained samples showed more soft spots on water- 






nching from 1450 degrees Fahr. (790 degrees Cent.). However, 
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Fig. 6—Difference in Hardenability Between Coarse (a and c) and Fine 
d) Grain Steel. 

a and b were Brine-Quenched; 

c and d were Water-Quenched 

Cylinders 134 Inches in Diameter from Heat 26785 (0.43 Per Cent Carbon, | 
Per Cent Manganese, 0.20 Per Cent Silicon) Quenched in Brine from 1500 Degrees 
Fahr., Sectioned and Deeply Etched in Hot 1:1 HCl; the Darker Rings Show th 
Depth of Hardening. In the Darker Rings the Rockwell C Hardness Ranged from 
to 60; in the Lighter (Softer) Areas the Hardness Averaged About 30. 

After Brine-Quenching the Hardened Layer was Uniform; After Water-Quench 
ing Large Soft Spots (Lighter Areas) are Shown in the Outer Ring of the Fine 
Grained Steel. 


after brine-quenching from 1450 degrees Fahr. no soft spots appeared 
on either the fine- or coarse-grained samples. 

The conclusion may be drawn that the fine-grained steels hav 
a definitely lower hardenability and greater tendency to form soft spots 
than the coarse-grained steel. This is apparent on ordinary water- 


quenching. However, if due precautions for uniform and drasti 


quenching are observed, such as heating in a salt bath containing 
cyanide and quenching in a water-pressure spray or brine or sodium 
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1 Fine-Grained Type of Steel Left 
wo 
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Type 


Grain Growth on Heating 
Coarse-Grained Type Right Group Fine-Grained 
Heating to 1800 Degrees Fahr., the Coarse-Grained Steel | 
ne-Grained Steel Remained Fine at 1800 Degrees Fahr., 
ng at 1900 Degrees Fahr., and Became Definitely Coarse at 


fecame Definitely Coarse 
Showed Evidences of 
1000 Degrees Fahr. 


xide solution, uniform hardening and freedom from soft spots 


obtained in both coarse- and fine-grained steel. 
It would be 


Manganese is known to increase hardenability. 
nterest, therefore, to determine exactly what the manganese con- 
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tent of a fine-grained steel should be for it to have equal 
ability with a coarse-grained steel. Apparently, 0.25 per c 
manganese in the fine-grained steel is not enough to give 
hardenability with the coarse-grained steel (7), and probab! 
ciably greater amounts than this would be required. 


‘TEMPERATURE OF 





CoARSE-GRAIN GROWTH IN 
FINE-GRAINED STEEL 


It is of interest to know at what heating temperature 
vrained type of steel begins to show evidence of grain growth 
for many higher temperature heat treatments the finer-grained 

have a wider heat treatment range in which coarse-grain growth does 
not occur, but still there is, of course, an upper limit to this 

On the other hand, McQuaid (11) has brought out that one of tl 
purposes of normalizing is to coarsen the grain somewhat, for easie: 
machining. For this purpose it would be desirable that grain coars 
ening should be initiated at not too high a temperature. Again, it 
has been pointed out (14) that if grain growth could be restrain 
to beyond the temperatures used in rolling, it might be possible t 















obtain a fine-grained steel as rolled, which at present cannot be don 
To accomplish this the grain-size of the fine-grained steel would hay 
to remain fine on heating to as high or higher than 2200 degrees 
Kahr. (1205 degrees Cent.). Grossmann (14) has reported results 
on fine-grained specimens which remained fine on heating almost 
to this temperature, namely, to 2150 degrees Fahr. (1175 degrees 
Cent. ). 

A series of heat treatments was, therefore, made of a coarsi 
and of a fine-grained sample from the same heat (16874), containing 
0.21 per cent carbon, 0.47 per cent manganese, and 0.20 per cent 
silicon. The coarse-grained sample was not treated with aluminun 
in the mold, but the fine-grained sample got 12 ounces per ton of 
aluminum in the mold. The samples were heated for 2 hours at 
1800, 1900, and 2000 degrees Fahr. (980, 1040, 1095 degrees Cent. 

As may be seen in Fig. 7 the samples of the coarse-grained typ: 
of steel became fairly coarse on heating to 1800 degrees Fahr. (980 







degrees Cent.). The sample of the fine-grained type of steel re 







mained rather fine at this temperature, although signs of coarsening 
had begun to appear. After heating to 1900 degrees Fahr. (1040 
degrees Cent.), coarsening of the grain was more in evidence, and 
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ing to 2000 degrees Fahr. (1095 degrees Cent.), the sam 
definitely coarse. 
.e grain-growth characteristics on heating different types of 
‘ined steel have only been touched upon here. Much work 
ns to explore the interesting possibilities involved. 


SUMMARY 


1 


|. A study of grain-size control of open-hearth steel showed 
hat given ordinarily good furnace practice positive production of 
coarse- or of fine-grained carbon steel at will can be attained by a 
controlled ladle addition of aluminum and a controlled reactive oxy 
sen content, which in turn depends largely on the carbon, manga- 
nese, and silicon content of the steel. For a range of carbon steel 
between 0.15 and 0.50 per cent, and for a manganese content of 0.50 
ner cent and above, and a silicon content of about 0.15 per cent and 
ibove, a fine-grained type of steel was invariably obtained, with the 
furnace practice used, by means of an aluminum addition in the ladle 
of about 1 pound per ton. With the furnace practice employed, a 
coarse-grained steel is obtained by omitting the aluminum, or else 
using considerably less aluminum; in general, an addition of less 
than about % pound per ton of aluminum in the ladle to a steel of 
less than about 0.10 per cent silicon content results in a coarse- 
erained type of steel. 
2. Production of intermediate grain-size to schedule in a nomi- 
nally “plain carbon”’ steel, with standard basic open-hearth melting 
ies practice, requires reduction of reactive oxygen below the amount 
ela : that is utilized in making the fine-grained steel. This requires a 
: higher content of manganese and/or silicon and is really equivalent 
to making a low-alloy steel. 
3. Microscopic inclusion counts and oxide analyses indicate 
that the moderate amounts of aluminum required to give a fine- 
grained type of steel did not increase the number of larger inclusions, 
or adversely affect the cleanness of the steel. This was true when 
the aluminum was added either in the ladle or mold. 


This would indicate that satisfactory grain-size control by means 


a E | aluminum can be accomplished without detriment to the quality 
Lillit Be ™ 


inn | the steel. However, further experiments are being conducted on 
. T 7 = . . . . . . . . ; . 
me the use of titanium or zirconium in conjunction with aluminum, and 
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possibly some such combination may be more satisfactory 
minum, for some purposes. 

+. The amount of aluminum and silicon required to 
grain results in a fully killed deeply piping steel. Such ste 
results must be poured in hot topped molds and should | 
price extra tor this type of practice. 
5. Tests of the mechanical properties of the coarse 
grained steels obtained indicated that after a heating wl 
duced a difference in grain size between the coarse- and fini 
steels, followed by air cooling, the fine-grained steels had 
yield strength, slightly higher ductility, and higher impact ri 
than the coarse-grained steels. and had about equal tensile s| 

6. The hardenability of the fine grained steels was di 
lower than that of the coarse grained steels. After carburizit 
ever, unitorm hardening of the fine grained steels could be , 


by quenching in brine. 
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DISCUSSION 


Written Discussion: By W. H. Woodhall, metallurgist, Harrison Steel 


tings Co., Attica, Indiana. 
ithors of this paper are to be commended very highly on the work 


ec aul 


d. Bringing up the subject of adding aluminum to steel takes us 


il years in our experience when we used to add aluminum to all our 


everse 
In our 


We make plain carbon steel by the acid open-hearth process 


aluminum has helped us but very little in obtaining steel of good 


ioe 


We make this assertion because most of our castings must undergo 


These castings are of the grade S.A... 1045. Such erratic 


treatment. 
a water quench, that we finally 


ts of hardness were accomplished after 


out all aluminum from our heats, and have never gone back to that 


In fact, our customers using this grade of steel objected very strongly 


tice 
ictice of adding aluminum. 
We believe that good quality steel can be 


especially where the steel must be heat treated aiterward 
metallurgical engineer, 


made without aluminum addi 


Written Discusion: By G. F. Comstock, 
nium Alloy Manufacturing Co., Niagara Falls, N. Y. 
Chis paper gives a large amount of interesting data which will repay care 


tudy, and the authors have performed a useful service in publishing it. 


of their conclusions, however, as expressed in paragraph 3 of the Sum 
do not seem to be strictly in accordance with the results reported. 

he statement that aluminum additions in the mold did not adversely affect 
anness of the steel is based apparently on the data of Table III, and is 
onsiderable emphasis both at the top of page 960, and my repetition in 
idle paragraph of page 961. A careful study of the microscopic inclusion 


fails, however, to justify this conclusion. 






























































































{ aluminum 


percentage 


mold is readily computed. 


Heat No 


4970 
2176 
+887 
4889 
15125 
21781 
23949 
23950 
6 1 
3 
) 


7 
20/8 
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To bring out clearly and concisely the effect of aluminum additi 
mold, the sum of the “total oxide” count with no mold addition was 


tor each heat separately, with the similar sum for the maximum mo] 


In heats 2176 and 23949 the top sample without alun 


omitted since no top sample with aluminum is reported in the paper. 


increase in the inclusion count for the ingot with alumin 


Total Oxide Count 


No Mold Per Cent Increa 
Addition Maximum Aluminum With Maximum Alur 

5 65 OO 

0 io 

S] ‘3 oe 

30 51 70 

10 13 30 

36 1] 

24 18 oe 

19 22 16 

63 88 40 

















































































































is 


In this way 


some individual exceptions as frequently 


it is readily seen that seven heats out of eleven wer: 


creases in dirtiness being 303 as against 150 negative, or an average ii 


aluminum in the mold made this still dirtier in general, although theré 


dirtier by the aluminum mold addition, the sum of the positive percentag 











crease 


happens in work of this natur 
similar computation based on the 8 ounce per ton mold addition of alumi 


Several factors which must have influenced these results were in fay 


inclusions. 


be assumed that 


elongated slag fibers. 


the aluminum-treated steels. One was the decision to count only the 


in Oxide inclusion count for all heats of 14 per cent. ‘This certainly shows 


instead of the maximum for each heat, gave practically the same results 


+} 


VW 


wel 


itt 


many of them were not counted, although streaks of fin 


clusions are of course just as apt to cause cracks and similar defects as 


carefully qualified. 


were small, the statements regarding the cleanness of these steels should be m 


It is well known that alumina inclusions are small, so that it mus 


YT 


If alumina inclusions were not counted just because t! 


Another factor influencing these results in favor of the aluminum-treated 


ingots is the absence of data regarding the top portions of many of the ing 
( dut ot 


seven heats for which the cleanness of the top part of the alumimum 


aluminum addition was dirtier than the middle sample of the same 


affects the value of the comparative results. 


top sample of the ingot without aluminum was dirtier than the middle samp! 
while in six of the seven heats the top sample of the ingot with maxin 


tended to be dirtier than their middle portions, and therefore the omission 
top samples of the aluminum-treated ingots from four of these heats seriou 


Perhaps the authors intended to base their conclusions regarding the cl 


not 


stated. 


These analyses show dirtier steel from the mold addition 





ness of the aluminum-treated steels on the chemical analyses only, althoug! 


' 


treated ingots is reported, there are only two (21781 and 26785) in which the 


This shows that when aluminum was used in the mold the tops of the ingot 


' 
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in two heats, and it would be interesting to have the reason 
disagreement with the microscopic results he latter method 
the form and distribution of the inclusions are revealed by it. 
line 10, page 9600, regarding heat 5621 seems rather inappro 
reat showed not only a 40 per cent greater inclusion count fot 

treated ingot, but also 44 per cent greater total oxide content 

Is not this a sufficient difference to constitute a noticeable effect : 

rd to deoxidizers other than aluminum, the statement about tiny 
ticles from titanium is at variance with general experience, and some 
support of such a statement would seem to be required. It 1s a well 

t that titanium oxide 1s used as a flux in ceramic practice, while 
and zirconia are not fluxes but serve as very efficient refractories. 
ter has never seen any characteristic titanium oxide inclusions in low 
um carbon steels, nor any illustration or description of oxide inclusions 
titanium in such steels, and if the authors have discovered them a de- 
would be of interest, and the method of use of the titanium for form 

m should be stated. Alumina inclusions are on the other hand well 
and steel treated with aluminum can almost always be identified by 
resence. he statement that titanium gives rise to oxide particles like 
is contrary to past experience; in fact titanium in the form of TAM 


Carbon-Titanium has been and is now being used to replace a major 


the aluminum for grain-size control for the express purpose of 
ng a more uniform product with fewer inclusions of alumina and other 
slag. The further tests made by the authors along this line should 
w some interesting results. 
Written Discussion: By H. W. McQuaid, research metallurgist, Re 
Steel Corp., Massillon, Ohio. 
Chis study of grain-size control of plain carbon open-hearth steel is one 
will be of value to the metallurgists interested in grain-size control and 
ize specifications. The authors are to be congratulated on the clarity 


he presentation and the detail with which the investigation has been carried 


should be noted by the metallurgists who specify grain-size on plain 
steel that in no case was the grain-size finer than 7 or coarser than 2. 
should indicate that where a grain-size specification for plain carbon 
alls for a range of 6 to 8, that the chances of getting any heats finer 
/ are very remote. It should also be noted that no evidence is given that 
mediate grain-size ranges are possible to obtain, and hence specifications 
lor 4 to 6 grain-size are apparently very difficult to produce and should 
specified without very careful consideration of the reason for such a 


should also be noted that the aluminum additions required, together 
he increased silicon and manganese content, result in a steel which pipes 
leeply and hence the yield being less the price should be more. 

is paper would lead one to believe that by a simple aluminum addition 
ladle or to the ladle and molds, that the production of either fine-grained 
rse-grained steels in the plain carbon analyses is a very simple everyday 
In my opinion, the proper control of grain-size goes considerably be- 
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Che problem ot adding aluminum to the low carbon, low silic: 
one which requires considerable care, since the results to be obtain 
minum in this type of steels are affected not so much by the final silix 
or the final manganese content as they are by the degree of oxidat 
bath prior to the addition otf manganese or. silicon, 

Phe control of grain-size, particularly im the alloy type of steel 
practiced tor several years, and one of the pioneers in this devel 
lr. W. Hardy, who studied and used the effects of grain-size control 
mately ten year ago 

The effect of aluminum additions on plain carbon carburizing 
steel as it affected toughness, hardenability, distortion, ete., was e 
and discussed and actually utilized more than 10 years ago \t this 
development was considered more or less of a secret, but the deman 
steel user tor gram-size control soon led to the general knowledge of tl 
ot the aluminum addition 

Phe control ot the grain-size on large open-hearth furnaces on a con 
cale 1s not quite such 


and involve S al 


very 


statement that 

| have seen coarse 
their body, and at 
steels in the alloy 


“body” here being used to indicate 


a simple matter as this paper might lead one t 


serious study of the factors which affect deoxidatio: 
vrain-size is the principal 


vra 
tha 
type 


in, very 
same time | 
which 


tactor 


in 


“hy ly re 


May 


be tr 


abnormal Swedish steels which were not 


were notable 


have seen 


for then 


very 


lack 


ot bod, 


fine grain and very 


~ The 


a certain combination of ductility, hat 


soundness and excellence of tracture, which is the ideal of every steel 
tor his quality heat treating steels. 


Che statement that grain-size and grain-size effects are due to the obstri 


ing action of nonmetallics should be used with caution, especially when we 


talking ot the McQuaid-Ehn test 


gram growth 
at one 
not over 


cher 


temperature 


ts 


lor 


and 


heat 


Pram-size 


treating 


efttects, 


and 


be 


since 


a steel 


may be 


fine-21 


al 





( 


We must be careful to distinguish betwee 


coarse-grained at a temperatur 


we should be careful to state that we mean the grain-size at 1700 degrees 


which may or 


ht 


inclusion counts 


the steel. 


range between 


10 


not be the grain-size which we desire at the temper 


Lal 


\lthough this indicates that the maximum additions o! 
minum in the mold raised the average 


and 


108 


as 


which would be used in processing. 


shown 


in 


Authors’ Reply 


Mr. 


inclusion counts by 


Comstock’s 


are 


table) 


14 per cent 
the comparison samples with no aluminum in the mold, we 
opinion that the aluminum additions did not adversely affect the cleann 


still 


Owing to the very wide variation in the inclusion counts (cove! 


betwee! 
different heats, we do not feel that the calculated increase of 14 per cent 


100 degrees Fahr. higher, and when we are talking about grain 


We wish to thank Mr. Comstock for his careful analysis of the data on 


t 
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i\ 4 


J) 


On the contrary, the significant fact, it seems to us, is that in th 


designated in the paper as the cleanest, the mold addition 


\ 


ot alumi 


no tendency whatever to raise the inclusion cou indi 


otal Oxid 
No Mold 


Sl 
149 
‘3950 


Average 


did the maximum mold additions of aluminum (8 ounces per ton) 


wer heats raise the meluston count to a value comparable with the 


heats The latter gave an average inclusion count of about 55 as 


> 


ut 20 tor the cleaner heats hus the general cleanline rating ot 


groups ol heats did not appear to be materially affected by the mold 


ver, as emphasized in the paper, we do not in general recommend 


fine grain by mold additions of aluminum but by ladle 
} 


additions 


served that the group ot tour cleaner heats was fine-grained with 


mold additions, having had a ladle addition ot 
In these heats the lad 


aluminum of 16 ounce 
additions of aluminum required to cause tine 
dently had no adverse ettect on the cleanliness Heat 2252 


fine-grained as poured trom the ladle, having a ladle 


{ 16 ounces per ton, was in the group with highet 


3, which 
addition of alu 


inclusion count. It 
appear, however, that the alumimum addition was the 


cause ot the 


nelusion count Lhe other heats with considerably lower ladle additions 


ninum and coarse-grained as poured trom the ladle were 


also in the 
inclusion-count group Thus there appears to be no 


indication in the 


the paper that the moderate ladle additions of aluminum required to give 
un adversely affected the cleanness of the steel. 


hould be stated that although very small isolated 


ill inclusions and segregates of 


inclusions were not 
fine inclusions over ™% inch long at 100 


ication were counted, according to the method cited in the paper. Counts 


if the specimens from the tops of the ingots were omitted because of 


st of the experimental ingots being poured into ordinary molds 


of the hot-top molds really required after the aluminum additions 


omissions affected the general conclusions drawn seems doubttul, 


point might be checked in further tests. 
tice titanium is a strong deoxidizer, there is little doubt that 1t 


ly 


torms an 
which may occur in steel as an inclusion; 


as is well known it also torms 
teristic copper-colored cubic nitride frequently observed as an inclusion 


ile inclusion does not appear to have been definitely identified, although 


of rounded violet-colored inclusions which appeared to be 


titanium 
is been made.* 


K. Burgess and W. Quick, “A Comparison of the Deoxidation Effects of Titanium 


on the Properties of Rail Steel,’ Bureau of Standards Technolog Paper No 


1922 
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In reply to Mr. Woodhall’s discussion, it should be emphasized 














referring to steel castings In castings it is well known that alumi 











tions may cause low ductility. However, as has been pointed out first 











stock and later by Sims, the low ductility 1s not due to contaminati 





minum inclusions but to the effect of strong deoxidation in causing t 





tion of sulphide films or sprays in the outlines of the dendrites of the « 





lhis, no doubt, may also occur in ingots, but in rolled steel the sulphi: 
are elongated and thus rendered fairly harmless. 














It is true that an aluminum-treated fine-grained steel does not | 








readily ol deeply aS a COATSE grained steel, but as has been indicates 











paper the relative advantages and disadvantages of the two types of st 





be weighed tor any particular use. 





Replying to Mr. MeQuaid’s thoughtful discussion, we would. st { 











only the essentials of grain-size control were described for the sake 





plicity and so as not to encumber the paper with a lengthy discussion 








control. Presumably every competent open-hearth shop sets up a fairl 








ard practice, and we wished to indicate how grain-size control might be 





posed on such a practice without unduly changing it. Where adequat 





control is used, the manganese and silicon content of the finished steel! 














thoroughly the bath is deoxidized before the addition of manganese and 








and the less opportunity for oxidation thereafter, the less aluminum will 


required to give fine grain. 














he association of “body” with actual grain-size seems so significant t 





0 


any instances where this relationship does not appear to hold should be k 





upon as the exceptions which prove the rule. Very probably a careful metall 





graphic examination of such apparent exceptions would indicate that. the 


explainable on the basis of well-known structural characteristics. 





hy 


be al fairly good mdex ol the degree ot deoxidation. In general, the mor 


rHE P-F CHARACTERISTIC OF STEEL 
By B. FF. SHeruerp 


Abstract 


This work describes a comparatively simple and a 
vate method of determining differences between various 
ty of steel of similar chemical analysis. This difference 
as been found to be a definite property and has been 
ned the “— I Chara terist ‘- 
By use of the test, heats of steel can be classified as 
efinite types which have a definite relation to melting 
ractice, ingot yield, hardening sensitivity and physical 
properties of the hardened part. 
The test has been confined principally to tool steels 
ut the adaptability to carburizing and other types has 
eon indicated. The results of this test are directly inte 
pretable in terms of manufacturing practic 
During the development of the test a set of marten 
tic fracture standards was developed. An earnest re 
ommendation 1s made that this set of standards be uni 
versally adopted to avoid the confusion which would 
necessaruy arise from the development of standards an 
individual plants. 


| 1OR many years steel makers and steel users have expressed 


preferences for certain brands of steel claiming superiority due 


to some inherent property vaguely described as “body,” “timbre,” 

personality,” ete. Considerable controversy has arisen as to whether 

uch major differences in quality could exist between steels of ap- 

irently similar chemical composition. 

In 1922 McQuaid and Ehn found that certain heats of steel had 

i tendency to harden in spots after being carburized and quenched 

in the hardening temperature. ‘They were able to isolate such 

heats of steel by the use of the McQuaid Iehn test, which consisted 

noting the condition of the hypereutectoid zone after carburizing 

i high temperature. ‘This immediately resulted in a demand for 

o-called “normal” type and since that time there has been very 
“abnormal” carburizing steel manufactured. 

paper presented as part of the Grain-Size Symposium of the Sixteenth 

it Convention of the Society held in New York City the week ot October 

} The author, B. F. Shepherd, president ot the So ety, IS Manager ol 

ck Drill Division of the Ingersoll-Rand Co., Phillipsburg, New Jersey. 


ript received July 5, 1934. 
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\t some later date it was found that the grain-size of 
eutectoid zone ot steel given the McQuaid lehn test Pave 
of the response of that steel to heat treating operations 
eral, the so called coarse vramed stecls hardened harde1 al 








and had much lower impact strength and better machinal 
In 1926 
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structures im big 
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gestions are mad 











qualitied observers 





his difference consisted in a change 


we began distinguishing the differences bet 
teel by means of the Shepherd Hardenability test. Thi 
made at the ordinary range of hardening temperatures but 
temperatures were imeluded later \ considerable ditfer 
found in the behavior of various heats (ot the same hard 


at 1420 degrees Fahr.) aiter quenching trom clevated temy 


in the hardenability 
fracture grain-size, 


lracture grain-size 


was extremely ditt 


technique must be used in interpreting values. 


The classification of tractures requires a great deal ot per 


‘The 


as an aid to such interpretations : 


Disagreement by more than '% fracture 


following 





til a set of martensitic fracture grain standards was develop 
was then possible to describe fracture grain-size tests numeri 
hese standards are shown in’ Fig. | with corresponding 

) 


ven though a set of fracture standards 1s available, p: 


| \ny fracture determinations should be an agreement o| 


1) 


t\ 
\\ 














ber shall result in arbitration by a third observer and the apparent 
true tracture number recorded. 
) 





lo assist in eliminating personal error, classification 





made to '4 number. 








’ 


3. Observers are to be qualified by passing the following test 








Ol al 





set of approximately twenty samples of various tracture class! 





hications 


a \bility 


to within '4 fracture number on 90 per cent of th 








to check their own classifications on different days 








samples. 





b 





\pparent true values should be established on approx 














mately twenty samples by two or more observe! 
passing Test No. 1. To qualify, at least 80 per cent 
of these samples must be classified within 14 tractut 








number. 





A representative qualification test is shown in Table I. 
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Table I 
Qualification Test for Fracture Observer 











Apparent Observet 

True Fracture oo Variation from Apparent True Number ‘ 
No. A B c 
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0 0 
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PENETRATION (P) — Fracture (F) Test Metuop 










Preparation of Test Pieces 
(a) It is most important to obtain metal that is representa- 





tive of the heat of material to be tested. ‘Therefore, stock whose 





diameter is greater than 1% inch is reduced in size to 1-inch round 





(approximately) by suitable forging. Approximately 14 inches of 





material is required in lengths not less than 3 inches. When pos- 





sible, the original marking is allowed to remain untouched in the 





forging operation, thus avoiding mixed samples. 


~ 






(b) The sample material may be annealed before machining 





1 


(1325 degrees Fahr. air or 1450 degrees Fahr. furnace cool, as con- 





venient ). 






(c) Four specimens are machined 34-inch round, plus or minus 





0.001 inch and 3 inches long. Each piece is stamped with a suitable 





1 


code or number for identification. The pieces are also stamped on 
both ends, 1450, 1500, 1550 and 1600 respectively, one number to 


each piece. 






¢. Normalizing 





\ll samples are given an oil-quench from 1600 degrees Fahr. 





holding the pieces at temperature a minimum of 40 minutes 





heating through. 
3. Hardening 
(a) Heatinc—An electric furnace should be used for heating. 
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Fig. 3—Showing Method of Quenching Specimens in a Standard Vertical Ti; 


The heating rate should be similar to or the equivalent of that ob- 
tained in a 11 KW top and bottom element electric furnace with a 
hearth size of 12 by 30 inches, and not more than four samples shall 
be heated at one time. The samples shall be placed erect in th 
furnace, and so located that all samples are heated at the same rate 
Temperatures of 1450, 1500, 1550 and 1600 degrees Fahr., respec 


tively, shall be used, the samples having been so identified previously 
The samples are in the furnace for 30 minutes for each temperature 
Accurate control of the time-cycle and temperature must be 


maintained. This is extremely important because penetration ot 
hardness and fracture grain-size tend to increase with time and 
temperature on all except very stable heats. 

(b) QuvENcHING—The samples shall be quenched in a standard 
vertical jig (2-inch pipe overflow, Fig. 3), flushed with 10 per cent 
brine at room temperature. 

Fig. 3 shows a specimen in the tongs being placed in the spray 
The tongs have a shoulder which enables the specimen to be placed 
easily in the center of the spray. The P-F test section (Fig. 5) 
shows the uniformity of distribution of hardness along the length 
The soft spot has been caused by the tongs. 

4. Fracture Grain-Size 
(a) Breaxinc—The samples are notched halfway between 











ween 
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} thin ( ra to 5 inch ) friction wheel, toa depth not ove 


{ 






lhe fracture 1S obtained preferably by transverse Impact 





insverse static loading to rupture tends to pull or othe 






rt the grain. 






The grain-size is determined by comparing and matching 





hardened ZONC ot one ot the broken halves with the rrac 





size standards, and shall be expressed as the number « 


l 





umber nearest the corresponding standard sample. De 








n of the grain-size number is made according to the stand 





[} ation 






penetration tests are made on the second half of the hard 





| fractured sample. A smooth cross section surface is pre 






not less than 1 inch from the original end of the hardened 















Fig. 4—Gage for Measuring P-Value 















r Final finish on the cross section surface is on an ‘“O” or 





abrasive. The polished surface is etched for 3 minutes in a 





0-50 hydrochloric acid and water at 180 degrees Fahr. 





(he hardness penetration is measured, macroscopically, to the 





st half of gy inch and shall be expressed as the numerator of 






such a fraction. A convenient scale is shown in Fig. 4. 





esignation 





he P-F characteristic is recorded as 8 numbers. The first 





numbers represent the penetration in gyths of an inch, and the 





ur numbers the fracture grain-size. The first number of each 





represents the P-F result for a temperature of 1450 degrees 





the second number of each group represents the P-F for a 





temperature of 1500 degrees Fahr. and so on. 






ihe characteristic then appears in the following form: 












~> & & Hsynea Ga 4 
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When all the results do not concur with whole numbers. 











































acteristic may appear as follows: 
5%. 6. 8%. 13. / 8%. 8%. 7%. 5. wv 
re 
In developing the test method electric furnaces were « 
against the lead pot method of heating. The following ty heat 
he cr 
Fig P-F Test Section Showing the Uniformity of 
Distribution of Hardness Along the Length. The Soft 
Spot Was Caused by the Tongs. 
avi 
by a 
( edit 
20 Minutes | 
Ns 
; + eats 
15 Minutes = 
| 1 th 
cteri 
ch 
, 35 li chi 
1 4 
63 - 15> . 
Fig. 6--Comparison of Rate of Heating a %-Inch Round 
Specimen of Electric Furnace 1.05 Per Cent Carbon Tool 
Steel in an Electric Muffle Furnace and Lead Pot. 
ing curves (Fig. 6) are characteristic of the results. A lead pot He 


takes almost as long to heat these small samples to temperature as 
an electric furnace. ‘The initial heating is very rapid and if a piece 
34-inch round was quenched after five minutes in the lead pot 1 
would harden, whereas in the electric furnace it would be just about 
in the transformation range. 


In comparing oil-treated versus annealed samples it was ob- 
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it the oil-treated samples apparently heated much more 
an the annealed samples. Investigation with test specimens 
hat this was due to a lowering of the critical point on the 
| samples as shown in Fig. 7. Apparently the carbides 
ve been made very small and uniform by the oil-treating 
are much more readily soluble. lor a long, slow heating 


‘he critical points are the same. Critical point determinations which 
Oil Treated 
Annesled — 


+ 


O'/ Treated 


| Annealed 


Fig. 7—Influence of Structure on the Critical Point of 
44-Inch Round 1.05 Per Cent Carbon Tool Steel. 
we been made by heating rapidly and have not been accompanied 
by a statement as to the previous microstructure, should not be given 
credit for strict accuracy. 


The P and If values should not be considered separately when 


considering the P-I* characteristic. In order to illustrate this, four 
eats are shown in Table Il. On the first two heats, the P charac- 
teristic 1s practically the same, while there is a marked difference 

the F characteristic. On the second and third heats the F char- 
icteristic is about the same but there is a marked difference in the 
' characteristic. The fourth heat has a very stable but 
|’ characteristic. 


Coarse 


lt is not always desirable to give the full P-F characteristic 


> 


Table Il 
Difference in P and F Vatues Between Three Basic Open-Hearth Heats 
-———————Penetration sy , 
t No 1450 1500 1550 1600 1450 
} 8 11 24 24 8% 
9 11 24 24 84 5% 
8 9 13 RY%4 7 7 5Y, 


16 16 24 ty, 4% 


Fracture 
1500 5 1600 


A 


Chemical Analysis 
j Mn , 
1.01 0.27 0.015 0.021 
0.98 0.29 0.016 0.028 
1.06 0.27 0.015 0.020 
0.80 0.31 0.023 0.017 
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value for a heat in discussion, and the heats are occasionally 
to as type l‘or tool steel we used arbitrary classifications a 
Type 1 was used to designate a steel which was stal 
ensitive to increase in hardening temperature, both with r 
and I characteristic and ‘Type 3 as being directly opposit 
was intermediate 
Other types are classified as fractions. A Type 2-1, 


ample, is intermediate in P characteristic and stable with 1 









its If characteristic; whereas a Type 1-3 would be stable wit! 


to penetration and very unstable with regard to fracture. 









lL yvyn Pr If 
| ; inch or le change Not more than one nu 
; More than @ inch, but doc More than one (1) nu 
not harden through less than two (2) 







Llardens through at 1600 Fahi More than 134 numb 








Incidentally, when a number of heats of various typ 
compared with the yield of finished bars passing fracture 
tion, all of the points fell on the line; Type 1 having a high yi 
and Type 3 a comparatively low yield. Table III illustrat 


types mn electric turnace 1.05 per cent carbon steel based 








differences between 1450 and 1600 degrees Fahr. values. 







Table Ill 
P-F Types in Electric Purnace 1.05 Per Cent Carbon Tool Steel 










Penetration Fracture 
Degrees Faht Degrees Faht 


Heat N Pvpe 1450 1500 1550 16 10 1450 1500 1550 





Heat N \ Cc Mn » SI Ni ( 


O.O015 0.17 
) ) OOS O18 i) 0) 0.0) 


H470 l LU 0.21 0.010 0.014 0.19 0.10 














0.010 














X68 1.06 0.23 0.014 0.013 0.25 0.09 
H5183 /3 1.05 0.25 0.011 0.017 0.17 0.08 

; 1.06 0.07 0.01] 0.011 O.14 0.06 
\\ i ] 0.>] 0.011 0.015 0.04 0.06 





In standardizing the test, heating times of 30, 45 and 60 mu 
utes were used with typical results shown in Table TV. It 1s inte 
esting to note that Specification 76 is so stable that it makes prac 
+} 


eT 


tically no difference in the penetration or fracture value, wh 
1450 or 1600 degrees Fahr. is used for hardening. 





r¢ 












rik 


Table IV 
‘ Heating Time on Penetration-Fracture Values of Several Types of Steel 


Penetration 


Ly ( ahr 


previous tests and experience with regard to hardenability 
ens would indicate that the effect of spray or hand agi 
uld have little effect upon the results. This was borne out 


which were made on various types of steel as shown in 


lable V 
effect of Spray S Immersion Vs. Hand H Agitation in Quenching 
enetration-Practure Test Pieces of Electric Purnace 1.05 Per Cent Carbon Tool Steel 
Penetration 


Degrees Faht 
L500 l QO 


regation has an influence on hardenability We tind dumb 
tures in hardened test pieces occasionally and these are chat 
tic of the heat, showing a center condition which increases 
h of hardening. A standard $¢-inch slab test piece and two 
from different heats showing varying degrees of dumb 

ture are shown in Fig. 8. 


irdenability is a heat characteristic. A heat ot electric furnace 


explored by taking the first, middle and last ingots and mak- 








990 
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M. 


ing a Shepherd hardenability test from the top, middle and jot 
of these ingots. Fig. 9 is self-explanatory. 

An investigation of some defective steel showed that a reactioy, 
had taken place in the ladle which had progressed sufficient|y i 
during the casting of the last ingot to cause a considerable jj. 
ference in the billet tests, the etched bars and the P-F characteric 


ISTIC 











Fig. 8—A Standard ¥%-Inch Slab Test Piece and 
Two_Test Pieces from Different Heats Showing Vary- 
ing Degrees of Dumb-bell Fracture. 
















This indicated that the P 


actions and not to the ingot size, temperature of pouring, etc. Figs. 


-F characteristic is due to the melting re- 


10, 11 and 12 are self-explanatory. 

An electric furnace heat and an open-hearth heat were surveyed 
to determine whether the P-F characteristic was an inherent property 
of the heat itself. Tables VI and VII, Figs. 13 and 14, show that 
this characteristic is a function of the heat. It is evident, however, 
from Figs. 10, 11 and 12 that tests on both the first and on the last 
ingot cast are necessary for an assurance of heat uniformity. 

Hardness surveys are often made of specimens and the results 
assumed to be independent of the prehardening structure and typ!- 
cal of steel of that particular chemical analysis. The following 
graphs, Figs. 15, 16, 17 and 18, show that the P-F characteristic and 
preliminary structure have a great influence upon the shape of these 
curves. 





aA 
19.454 
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operty 
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results 
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owing 
ic and 

these 





CHARACTERISTIC OF STEEL 





THE P-F 





Table VI 
Exploration of Heat 31196—Spec. 1 for Uniformity of Penetration-Fracture Characteristic. 
Heat was from 8Ton Basic Electric Furnace Top-Poured in 15” Square Ingots 










Penetration-Fracture Test Made on 1” Bars Hammered from Section of 4” 
; _ Billet from Top of Ingot 
Results Given are Deviation from Average Results 





















Penetration Fracture 
Penetration in 64ths Fracture Grain Size 
r———. Degrees Fahr. ———_,  -— Degrees Fahr. ————, 

Ingot No. 1450 1500 1550 1600 1450 1500 1550 1600 
Average 6 6% 7 10 8% 84 7 5% 

1 0 0 0 0 0 0 4 0 

0 0 0 0 0 4 -Y, Y%4 

3 0 0 4 0 0 “4 0 0 

4 0 0 0 0 0 0 “4 Y 

5 0 0 0 0 0 0 U 0 
















6 This Ingot Scrapped in Processing 
’ 0 0 4 0 0 4 0 0 
g 0 0 4 l 0 0 4 0 













Chemical Analysis of Heat 
& Mn P S Si Ni Cr 
1.06 0.19 0.010 0.014 0.26 0.05 0.05 









Material furnished courtesy Carpenter Steel Co. 









Table VII 


Exploration of Heat 1D006—Spec. 332 for Uniformity of P-F Characteristic 
Heat was from 100-Ton Basic Open-Hearth Top-Poured in 24” Corrugated Ingots 















P-F Test Made on 1” Bars Hammered from Section of 4” Billet from top of Ingot 
Results Given are Deviation from Average Results 


























Penetration Fracture 

Penetration of Hardness in 64ths Fracture Grain Size Chemical Analysis 

) Ingot No. 1450 150L 1550 1600 1450 1500 1550 1600 G Mn Si 
; Average 7% 9 12 24 8% 8% 6% 5% 1.04 .30 <2 
D1 0 0 2 0 0 0 +- 34 1-14 .02 .O1 -O1 
D3 0 0 0 *0 0 0 }- 34 +144 —.01 .O1 0 
D4 0 WA +3 0 0 }- 14 0 0 01 01 +.01 
DS 0 —Y, 1 0 0 0 0 +-%4 0 0 0 
D6 0 0 0 0 0 +- 14 0 0 .02 0 +.01 
D7 0 4 2 0 0 0 1 \% .02 0 t+ 01 
D8 +, 0 0 ) 0 }-14 4 4 01 0 0 
D9 0 i 1 0 0 +14 i, , + .01 0 0 
D10 +14 0 l 0 0 0 4, 14 01 .01 .02 
D11 0 0 l 0 4 4 4 4 0 01 0 
D12 0 0 0 0 0 0 % 0 0 0 0 
D13 1.14 0 - 0 0 0 1-44 1-14 .01 0 0 
D14 0 0 1 0 0 0 +14 114 0 0 .01 
DI5 +% 0 1 0 0 Y% }+-1 +% 0 0 0 
D16 0 0 +] T 0 0 1 WA 0 0 0 
D17 +, 0 0 0 0 4 0 4 +- 01 0 .01 
D28 + 0 +-1 0 A 4 0 0 0 0 .02 
D29 +¥ 0 1.3 0 —% 4 %4 0 0 0 0 
D30 + 0 +2 0 4 iy MY 0 0 0 .01 
D31 0 0 0 0 \% 0 A % +.02 0 .02 
D32 0 0 +] 0 0 0 4 0 0 0 0 







*Inclusion in center retarded penetration. 
Material furnished courtesy Bethlehem Steel Co. 






‘ACTIONS OF THE 
EFFECT OF PREHARDENING STRUCTURE UPon Ty 
Pel’ CIHARACTERISTIK 


It will be noted that practically all of the tool steel 
been given a high temperature oil quench before the 


operation. This has been done to remove structural 


1st Ingot Cast 4th Ingot Cast 7th (last) Ing. | Cast | 
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Bear from Bottom of /ngot 
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Fig. 9—Polished and Etched Specimens Showing the Uniformity of H 
Through the Entire Heat of Steel (Shepherd Hardenability Test). Mate 
Halcomb Steel Company. 
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Fig. 10—Etched Sections of Half of the Cross Sections of Billets from Steel B-332. 
Billet from Fourth Ingot. Right, Billet from Last Ingot. 


and was found necessary for definite control of the P-I* test. Pre 
iminary experiments showed that the P-Il characteristic of occa 
sional heats was not sensitive to prehardening structure. The large 
majority of heats, however, showed a definite response to definite 
structure changes and this sensitivity had a definite relation to the 

of steel as determined by P-F tests. 

Consistent difference has been noted when the prehardening 
structure was changed from pearlite to sorbite. Heats of Type | 


characteristic were rather insensitive to changes in prehardening 


‘ture, while Type 3 heats showed a marked difference in the 
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Table VIII 
Characteristic Between Pearlite and Sorbitic Prehardening Struc 
Fig. Heat 
Number Type Number 


P-F Characteristi 
Structure Penetration 
Sorbite 8 9 9 
Pearlite 7 7 7% 8 9 
Sorbite 7 8 ; 


Pearlite 


15 ] 30864 
16 30864 
17 3 29983 
18 


29983 


38 
248% 
1 


8% 


Fig. 11—-Bars Rolled from Billets Shown in Fig. 10. 
P-F characteristic between pearlitic and sorbitic prehardening struc- 
tures. This is shown in Table VIII. 

Rockwell hardness surveys show certain interesting features, 
see Figs. 15, 16, 17 and 18. 


The curves for Type 3 illustrate the 
points more clearly. 


The gradation between the martensitic and 
troostitic zones is much more abrupt with a sorbitic prehardening 
structure than with the pearlitic prehardening structure, as the gen- 





struc- 


tures, 
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c and 
lening 
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Fig. 12—-Influence of Inclusions on the F Characteristic of 
Carbon Tool Steel. 


eral slope of the sorbitic curves for normal hardening temperatures 
is steeper than the pearlitic curves. The curves also show that heat- 
ing to 1000 degrees Fahr. and quenching in oil definitely reduces 
the penetration value over that of the same sample annealed previ- 
ously at 1450 degrees Fahr. and hardened at normal temperatures. 
When higher temperatures (1550 and 1600 degrees Fahr.) are used, 
the reverse is true and the sorbitic structure tends to cause deeper 
penetration and coarser grain structure. 

It is very difficult to obtain hardness readings close to the sur- 
tace when using the cross section of P-F test pieces and a number 
of tests were made, using Vickers pyramid hardness testing machine. 
It was possible by this test to identify the first appearance of troostite, 
the last traces of martensite and the last traces of troostite, in the 


TY) 


inicrostructure, as indicated by observation of the hardness curves. 
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P-Value 


1500° 15S5O° 1600°%F. 1450° 


Fig. 13 Exploration of Heat 31196, Specification 1 for Uniformity of 
Fracture Characteristic. (See Table VI.) 


Table IX 
Relationship Between Type of Steel and Uniformity of Hardened Zone 


—— PF Charracteristic 
Code Heat No. r-——Penetration——, —— Fracture - 


BE H-4974 6 8 9 9 9 
DH X-6903 6 9 ; 9% 8% 8% 
CX X-6892 5% ¢ 8 1 8% 8% 8% 
M W-5129 6% Soe ae 9% 9 84 
CF H-5184 7 ; 9 24 9 8% 8 
DN H-5262 7 i_. 9 8% 8% 


Chemical Composition 
Mn P S Si Ni 
0.23 0.013 0.014 0.20 0.08 


0.02 0.002 0 0.02 +-0.01 
0 t--0.003 0.001 +-0.02 0.01 

0 +-0.001 0.001 +-0.05 +-0.01 
0.04 0.001 +-0.001 0.01 0.01 
+-O.01 0.002 0.004 0 0.01 
L.0.06 0.001 +.0.004 0.02 0 
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-Xploration of Heat 1D006; Specification 
Characteristic. (See fable VII.) 
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The sensitivity of these tests shows a distinct tendency for 
steels to have a more uniform hardness in the hardened zo 
Type 1. There seems to be a definite relation between the 
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Fig. 15—Rockwell Hardness Survey of Steel X30864 Hardened 
as Shown. P-F Type 1, See Table VIII. 
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Fig. 16—Rockwell Hardness Survey of Steel X30864 Hardened 
as Shown. P-F Type 1, See Table VIII. 


steel and the uniformity in the hardened zone as shown in Fig. 19 
and Table IX, and this feature is being subjected to further investiga- 


tion. — 
Mopiriep P-F TeEsr 


Grossmann* found that “each different lot of steel had its char- 


*M. A. Grossmann, “On Grain Size and Grain Growth,” Transactions, Americat 
Society for Steel Treating, Vol. XXI, Dec, 1933, No. 12. 
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Fig. 17—Rockwell Hardness Survey of Steel X29983 Hardened 
as Shown. P-F Type 3, See Table VIII. 
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Fig. 18—Rockwell Hardness Survey of Steel X29983 Hardened as 
Shown. P-F Type 3, See Table VIII. 


acteristic coarsening temperature.” “If the carburizing temperature 
is conducted at any temperature below the coarsening temperature 

, then the austenite grain-size will remain unchanged, 
precisely what it was when the steel first transformed to austenite 


9») 


upon heating.” It is evident that the McQuaid-Ehn grain-size test 


requires a standard carburizing temperature for uniform results. 
This has been set at 1700 degrees Fahr., which is higher than usually 
used in commercial carburizing. 


It was thought that the P-F test could be modified for carburiz- 
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ing and other steels so that the results would indicate th: 





core hardness and fracture which would be obtained in c 
utilization of the steel. A similar test was made to th 


previously described, excepting that the samples were « 





7 4 5 5 a A A 


D stance Below Surface, Mm. 





Fig. 19-—~Vicke1 Hardness Survey of %4-Inch Round P-F Test Pie 
See Table IX. 










tor 16 hours after heated through at 1640 degrees Fahr. (a 
ature commonly used in our factory), cooled in the pots al 


ened according to the standard P-F method. 











Table X 
Comparison of A.S.T.M. Grain-Size Classification with Modified P-1 
rest of S.A.E. 1020 Simple Carbon Carburizing Steel 









Case Core 
A.S.T.M Fracture Grain-Size Brinell Hardnes 
(;rain Degrees Faht Degrees Fahr 
Manufacturer Siz 1450 1500 1550 1600 1450 1500 1 ( 























( ; 64 0% 6 44 192 192 0 
A 6044 6% 9M 4! 07 207 » 9 
A ' 6% 6% 5% 112 207 
\ 47% 7% 7% 07 207 «22 
; ; ; 201 07 





l‘racture grain-size tests were made of the case and Brinell | 






ness tests made in the center of the core. 

It will be noted from Tables X and XI that the McQuaid 
test bears a close relation to the fracture grain-size obtained o1 
|? 


modified I’ test. This indicates that observation of the fract 





Table XI 
varison of A.S.T.M. Grain-Size Classification with Modified P-F 


lest of 
S.A.E. 4015 Nickel-Molybdenum Carburizing Steel 


Case 
AS ro Fracture Grain-Size 
Grain Degrees Faht 
Size 1450 1500 1 0 1600 


166 
51 Mn 


16C 
1 Mn 


ig C 
54 Mn 


7 & 
.61 Mn 


16C 
10 Mn 


of carburized articles during commercial hardening offers 


ready and accurate method of determining “grain-size” 


reference to the microscope. 
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DISCUSSION 


Written Discussion: By A. E. Focke, research metallurgist, Diamond 


Co., Indianapolis 


ree criteria which may be used to judge the merits of any test are 
importance of it; 2. Its accuracy and the ease with which it may b 

duced; 3. The extent to which the purpose of it 1s realized 

ny test which has for its purpose an attempt to define or classify that 


ON 
vitally important to a user or manufacturer of heat treated steel 


l 


in steel which is variously described as “body” “timbre” and “pet 


Shepherd has devised a relatively simple method of studying, classi 
nd correlating two of the important characteristics of a heat of steel 
bvious that he has carefully investigated the limitations of his method 
tablished a definite procedure which must be followed. However, it ap 


ignificant that the author admits that the determination of the fracture 
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part of his P-I° test by visual comparison with a set of standard 
high degree of personal skill. 

The foregoing, together with the fact that I would personally +. 
lavorably to some test method, which would permit a grain-size anal 
out the use of an arbitrary set of standards, are my principal criticis; 
author's test method. I was somewhat disappointed that Mr. Shep 
not illustrate the value of his test by more definite references to spe : 
lems for which he has found it to be useful. 

[ am particularly concerned with the “personality” of the carburizi; 
of steel and | was therefore, greatly interested in the author’s mo. 
of his P-F test to meet this requirement. 

An analy sis of the results recorded in Table XI reveals some ratl 
esting information. 

There appears to be no simple relation between A.S.T.M. grain 
for that matter Case Fracture grain-size and the core strength. Ni 
there any agreement between the amounts of the common elements as jn 
cated by the regular chemical analyses and the core hardness developed 
heat treatment. Admittedly, the factors of normality and abnormalit, 


er 


play important parts in controlling this core reaction but measuring the relatiy 


degrees of normality of alloy steels of this class particularly in the fin 
sizes is not simple. We have been forced to recognize these facts and hay 


certain critical parts 
It can be seen that there is much greater difference in the core st: 
of different steels after the same treatment than there is between the ec 


strength of the same steel after quenching from different reheating temper 


\ 


ha 
to add core strength after hardening requirements to our specifications f 


rengt 


rr 


tures. (Maximum difference between core Brinell of the same steel afte 


quenching from 1450 and 1600 degrees Fahr. was 36—Minimum 17—Avi 


ing from 1600 degrees Fahr. was 111). This result confirms our experienc 
attempting to salvage heats which showed insufhicient core strengths by simy 
variation in the reheating temperature. 


I question, therefore, that the amount of additional information obtained 


24). (Maximum difference between core Brinell of different heats after quencl 


rag 


pit 


from testing this type of steel at the four temperatures over that obtained fron 


using one temperature would justify the additional labor. 


But, it occurs to me to wonder if the author has not, by limiting his 


“penetration factor” in his modified P-F test to a simple record of the 


Brinell hardness after reheating, overlooked the important variables of depth 


o~) 


of case penetration and gradation of case hardness which, of course, are ver) 


important factors in determining the value of a part for service. 


The amplification of the author’s modified P-F test to include these var 


lems and I therefore, wish to express my appreciation to the author for his 


paper. 


Written Discussion: By H. G. Keshian, metallurgist, Chase Compa 


nies, Waterbury, Conn. 


The author states at the bottom of page 989 that hardenability is a heat 
characteristic. Amplifying this point further in the second sentence of the first 


ables appears to me to have interesting possible applications to my own prob 


S 








apy 


TI 
I hy 
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on page 890 he says, “This indicates that P-F characteristic is due 
lting reactions and not to the ingot size, temperature of pouring, 

iis statement of the author would mean that the different bars of steel 

ven heat will have the same hardenability characteristic. This, how 

not seem to be the case, because at times, from the same heat of steel, 

the different bars but also the different ends of the same bar may 

ow considerable difference in hardenability, due mostly to the degree of segre 
in the different ingots, and in the different ends of the same ingot. If 

so, contrary to the statement of the author, the size of the ingot, that is, 

ite of solidification and the temperature of pouring (because these influ 
degree of segregation) must all have an effect on the hardenability 


e tne 


the material. Consequently, because a part of a heat of steel shows a satis 
ry hardenability, that does not mean that the rest of the heat has the same 
irdening characteristic. 

Furthermore, as the author very correctly states on page 890 the necessity 

testing the first and last ingots from the same heat also shows that the 
ict that various bars of steel are made from a given ingot is no indication 

uniformity, except, of course, for chemical composition. So, when con 
idering the effect of a heat of steel from the standpoint of uniformity, some 
ther tests such as hardenability, segregation, or macro-structure have to be 
applied to each bar to verify the uniformity of the various characteristics. 
his still leaves the steel mill practice as the best guarantee for the uniformity 
f hardenability, macro-structure, etc. 

Written Discussion: By IF. H. Allison, Jr., research metallurgist, 
Crucible Steel Company of America. 

From the standpoint of tool steel, and particularly of carbon tool steel, Mr. 
Shepherd’s paper is of extraordinary importance. It has long been recognized 
that fundamental differences exist in carbon tool steel heats melted under dit 
ferent practices. Mr. Metcalfe, some thirty or forty years ago, on the same 
site at which the writer works at present, devised the Metcalfe or fracture test 
familiar to all tool steel men, in order to distinguish between the various melts 
of carbon tool steel. All accredited tool steel manufacturers have long had 
their individual test methods to determine and classify the body or quality of 
tool steel; but it has remained for Mr. Shepherd to develop and publish a 
method which bids fair to be accepted as a standard for the industry. 

For the reason that the author’s method is likely to become a standard 
procedure for an entire group of steel suppliers and consumers, it merits the 
most careful consideration and criticism in order that it may be applied as 
widely and fully as possible. The following remarks are offered with this 
purpose in view. 

To be able to refer to a standard set of fractures in which a No, 9 means 
the same in every shop, mill and laboratory, will come as a relief to metal 
lurgists and tool steel men who have long been troubled by the vagaries of 
“fine,” “medium” and “coarse.” Mr. Shepherd has done a service, indeed, 
if the graded fractures are established as a standard of reference, and the 
writer heartily endorses their use. 

Concerning the designation of fracture, it is felt that the term “grain- 
should be avoided, since this term already has a significance in metal- 
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lography which easily leads to confusion if adopted also in reference 





lhe term “fracture grain-size” is little better since im discussion it 




















easy to omit the word “fracture.” It 1s suggested that “fracture 





al 





“fracture texture’ or some better term be used for the sake of cla 












reterences 


In regard to penetration values, the author reports them in term 





inch or half of 1/64th inch. There are advantages in reporting thes: 











ments in 1/100th inch and these should be carefully considered | 








method is too rigidly standardized. The accuracy of measurement 


the same in using either 1/128th inch or 1/100th inch. By reportin 

















hundredths of an inch penetration the use of fractions is avoided, t 








tude is apparent in the actual figures, and the decimals readily disti 





penetration from the tracture values in the full P-F report. Th 
reported by the present system as: 










would be COTE 


The gage shown in Fig. 4 of the author’s paper could be as easily « 


in hundredths as in sixty-fourths of an inch. 








further work in regard to penetration measurement appears to 











sary in that the transition zone between the hardened case and cor 








the author points out, be several hundredths of an inch in width, s 








exact boundary of the hardened zone is not always easily determined. 





The splendid conception of grouping the change in penetration \ 





change in fracture appearance as the hardening temperature is increased 


a very full picture of the behavior of the steel. The further classificat 




















steels into types such as 1, 2/1, 3, ete., may, however, be satisfactory 





\ 





vidual application and for simplification; but, for general application it 











leading. In the first place, it is felt that wider experience over 


al 








number of tool steel applications should be obtained before fixing the ar! 





limiting values assigned to the several types. Secondly, a single type 


\ 
t 























the P-F characteristics of the following two steels would both be cl 








as type 1, vet the first is shallow hardening with fine fracture, and the 





is relatively deep hardening with coarse fracture. 







Penetration Fracture 


First SS. 26... «22 : 9 9.9, BH 
Second ea che ene cae 6, 6, 6, 6% 


’ 










The author calls attention to the dumb-bell type of core in Fig. 8 


on hardening certain disks. Fig. 9 indicates that this condition is mor 





to be characteristic of the portion of the ingot from which the sample was 
rather than characteristic of the entire heat. 








The paper contains data which are decidedly pertinent to the 
subject of hardenability. The supposition has been advanced by other 

















the depth ot penetration depends upon austenitic grain-size and that the 
the grain-size, the deeper will be the hardened case. 








with the present knowledge to be somewhat premature and may also lhe 


now stands may embrace steels of widely different character. For exai 


Similarly, it has 
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i i 
t the fracture appearance 1s due to the austenitic grain-size 

occasioned by larger original austenitic grains Llowever, from 
he present paper, it is possible to find a shallow hardening 


coarser fracture than a deep hardening steel or vice versa In 


{ stee] 


epth ol hardening and the fracture appearance seem to be entirely 


of ane another as can be seen trom the following data selected 


paper 
paper : 


Penetration 
09, .09, .11, .13 
ke 


08, .09, .10, 


i) 
4 


8 


ntly, the growth of the austenite grains cannot be the cause of the 


both in hardenability and in tracture, or there would be more cor 


hetween the two than above indicated. 


meluding, the author has made a valuable contribution to the metal 
1 


tool steel, both in providing an excellent test method and in emphasizing 

re exist a number of types of carbon tool steel, independent of composi 

it are available to the tool steel user to suit his various requirements 

Written Discussion: By R. Schempp, metallurgist, Haleomb 
icuse, N. Y. 


his present publication, Mr. Shepherd has given both the steel 


Steel 


maker 


consumer another valuable and very practical means for the deter 


of the inherent hardening, grain-size and temperature sensitivity 


ristics of steels, especially tool steels. Unlike the rather unfortunate 


of “normal” and “abnormal” as a means of conveying the structural 


e characteristics of the hypereutectoid zone as developed atter the 


rd MeQuaid-Ehn carburizing treatment and observed under the micro 


Mr. Shepherd’s terminology and method of designation as well as his 


ocedure, distinguish themselves by their extreme clearness, simplicity 


curacy and lend themselves to a quantitative measure of the properties 


ved, 


aking of the inherent hardenability and P-I characteristics of tool 
identical composition, it may be well to point out that while thes« 
ties are essentially the result of certain melting practices, these so-called 


t characteristics of hardenability and martensitic penetration upon 


ing, with but few exceptions (that is, on very stable types) are materially 
ed by 


Prior structure. 
Critical rate of cooling during the quenching operation 
Mass action. 


apparent contradictory influence of prior structure upon the harden 


perties of tool steels when using a low (1450 degrees Kahr. or high 


grees Fahr.) hardening temperature, may be explained by the pre 
ting influence of carbide solubility as brought about by prior structure 
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in one case and by the stronger influence of the austenitic grain-si; 
quenching in the other. 









The early results of test work which is being carried on in our 
indicates a very definite relationship between the austenite grain cha: rist 
and the hardenability and P-F values as determined by the Shepherd meth, 
On tool steels, Mr. Shepherd’s testing procedure will allow us to definite) 
classify heats as to their specific types. Our practice has been to di| ) 
between the following four types: 


rentins 
iCnhitlate 

































Material on which the penetration of hardened case as we 


as the 

grain-size is stable, and will not increase with increasing temperatyy, 
2. Material on which the penetration of hardened case will increas, 
depth with increasing temperature, the grain-size of which, 
will not coarsen. 


OWever 


‘ 
~~ 


Material which will not increase in penetration of hardened case wit) 
increased quenching temperature, but the grain-size of which wij! 
coarsen. 

4. Material on which both the penetration of hardened case and grai 


} 
alll 


size will increase with increasing quenching temperature. 


Neither by this means nor by any other means of testing which has been 
developed in the past has it been possible to determine the physical property 
characteristics as ductility, toughness, etc., of this class of material in th 
hardened condition in such a manner as would enable us to differentiate 
between heats of similar composition in regard to their toughness in the 
hardened state, and to predict certain service results for various applications 

In his efforts to develop a more satisfactory heat treatment for our high 
speed steel grades, Mr. Kingsbury, a member of our metallurgical staff, applied 
as early as 1911 the static load fiber stress test as later described by E. G 
Herbert under “The Influence of Heat on Hardened Tool Steels” in th 
Journal of the Iron and Steel Institute, Vol. 85, #1, of 1912, p. 358 to 378, 
to determine the toughness characteristics of high speed steel. Herbert's 
determinations were primarily confined to maximum fiber strength alone 
Strength, however, is not necessarily a measure of toughness. This com- 
paratively simple means of obtaining the maximum fiber stress values on 
hardened material has now been modified and developed into a testing procedure 
which lends itself remarkably well for an actual determination of the inherent 
toughness values of hardened high speed and tool steels. 

This essential “it” of tool steels, may it be termed toughness, body or any 
other name, is an inherent heat characteristic which all of us have learned 
to know and to value, but for which we have never found a means of expression 
and determination. Our new method tests the outermost fibers of the specimen 
under conditions of comparatively heavy and rapid loading and while our test 
is admittedly a static test as against the well recognized fact that tools 
service fail through dynamic stresses, we believe that our method very closel) 
approximates actual service conditions. 

In our opinion toughness must be considered as a combination of strength 
and ductility and, as we will show in the following results which have been 


las been 


roperty 


in the 


rentiat 


in the 


ications 


ur high 


applied 


ry E.G 
in the 
to 378 
erbert'’s 
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on several heats of straight carbon, general purpose tool steel, we 
essed this inherent toughness in the form of a coefficient of tough 


, eliminate the influence of prior structure, we also resort, as does Mt 


herd. to a preliminary oil treatment before hardening our specimens 


, are usually ¥ inch round and approximately 6 inches long. In the case 


1 the samples were hardened from 1550 degrees Fahr. and tempered at 


ted ul 
115 degrees Fahr. for one-half hour. 

In the following table we give the composition of the material used, its 
haracteristics as obtained by the Shepherd hardenability and P-I¥ method as 
vell as the normality and grain-size rating determined according to the 
McQuaid-Ehn test. 


Composition : 


Heat No. G Mn 
H-4705 1.08 0.23 
W-5294 1.05 0.21 


Results of regular testing procedure: 


Hardenability 
eat Rating McQuaid-Ehn Test 
(slab test) P Value F Value Type (A.S.T.M. Chart) 
0) 10 a A 834, 8%, 8%, 8% 2/1 Abnormal 6/7 Gratin 
{ 10 7, > 1 25 8%, 8%, 7, 6% 3 Abnormal 6 Grain 


Kingsbury Toughness Test: 
Fiber Ultimate Coefficient Rockwell 
Heat Strength Deflection of Toughness Hlardnes 


H-4705 222,500 0.094 21,150 62 
W -5294 181,000 0.0674 12,200 62 


We may add that Heat H-4705 was reported as being very satisfactory 


and tough bodied in service; while the material of Heat W-5294 proved brittle 


and unsatisfactory. 

This new test has given us a number of very convincing confirmations 
from its practical application. We have mentioned this new test because it 
seems to us that it supplements Mr. Shepherd’s hardenability and P-F testing 
procedure, 

Complete details of this toughness test for hardened tool steel materials 
will be published in the near future. 

Written Discussion: By L. D. Hawkridge, Hawkridge Brothers Co., 
Boston, Mass. 

\gain we are indebted to Mr. Shepherd for a most interesting and important 
contribution, disclosing a simple and thoroughly practical method of classifying 
tool steel in accordance with the hardening characteristics—a method, which, in 
the writer’s opinion, will take its place beside the McQuaid-Ehn test as one 
t the indispensable tools of the industry. 

While the manufacturer or distributor of tool steel may deplore the advent 
of another test containing a large measure of the “personal equation” (which 
there undoubtedly is in the estimating of the F values), he must admit that 
by no other means known at present could so much, or so exact information, 
be packed into so little space as by the series of eight numerals proposed by 
Mr. Shepherd, 
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lhe latter himself wisely stresses the difficulty of rating 


fractures 


and advocates special training of those who will act as observer: 





important, as the writer can testify from the few attempts that he ha 
score over 80 per cent in the fracture rating test. Mr. Shepherd n 
have stressed also the fact that luster often tends to obscure 














gral 


is a common error of beginners to rate a fiery fracture too far t 


coarse end of the scale. But in spite of the difficulties that one can for: 

















application of this test, it will be by no means more difficult to obtain a 





between buyer and seller than in other tests now widely used—for 
the hot acid etch test. 














Of particular interest to the writer is the comparison between 
values of the 8-ton basic electric heat and the 100-ton basic open-heat 
as given in Tables VI and VII. How does Mr. Shepherd account 




















apparent instability both of the grain-size and penetration of the 








from the open-hearth heat which were hardened from 1550 degrees 





Hlere is a variation of 50 per cent in the penetration of hardness in 








I) 7 as against D 4, whereas the maximum variation between ingots 














electric heat at the same temperature is less than 10 per cent. Why 











the grain-size vary so widely between specimens of the open-heart 











quenched from 1550 degrees Fahr. when those quenched from 1600 « 
l‘ahr. are in much closer accord: 











One more question—Do not the results set forth in Table VIII 





that, when a test is being made of Type 3 steel, it is most important to n 








the specimens at 1600 in the normalizing for the full 80 minutes recom: 





earlier in the paper? If this soaking time is cut down, will not results 





questionable because of non-homogeneity of the pre-hardening structur 





cidentally, why should the relatively coarse particles of carbide in 





I 





(presumably spheroidized) inhibit grain growth at high temperatures 
than the very finely divided carbides in sorbite? 

While particularly applicable to tool steel, Mr. Shepherd’s met! 
modified for carburizing steels, will be decidedly useful, and there would 
to be no reason why a similar modification could not be worked out for st 
of intermediate carbon ranges both with and without alloys. With such br 
fields for further investigation opening out, we should be able to look forw 


to many more illuminating papers from Mr. Shepherd on the same genet 
theme. 






































Written Discussion: By G. V. Luerssen and O. V. Greene, Met 
lurgical Department, The Carpenter Steel Co., Reading, Pa. 

Probably no physical characteristic of steel is more actively discuss¢ 
and less accurately reported than the fracture test. We are certainly indebt 
to Mr. Shepherd for giving us standards for the evaluation of a very us 
ful test. 



































VIII, which reports P-F characteristics on types 1 and 3, shows that heatu 











t riit 
Dea 


by oil treating from 1600 degrees Fahr. is particularly interesting. ‘Tabl 


specimens to 1600 degrees Fahr. and oil quenching, followed by brine quench 
ing, produced a shallower penetration than was obtained in specimens brine 





The phenomenon observed by Mr. Shepherd on specimens pre-hardened 
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om the annealed condition. This was true only at temperatures 
1 1500 degrees Fahr. After this temperature range was _ passed, 
temperatures such as 1550 and 1000 degrees Kahr. were employed, 
was the case, and the preliminary oil treatment tended to cause a 

etration and a coarser fracture. These characteristics were pat 
ticeable in the heat of type s 

uite possible that these results may be explained by considering the 


f these specimens before the final hardening. A steel of type I atte 


probably retains some of the eutectoid carbide in solution, with the 


ibmicroscopic or nearly so in size. This treatment also disperses 
es the size of the hypereutectoid carbide. Consequently, when a 
f type 1, oil treated from 1600 degrees Fahr., is heated tor final 
nchine from 1450 degrees Fahr., for instance, the first austenite will 
ere the greatest amount of carbides are in solution or where the 
are finest. These early crystals of austenite must, therefore, be 
small and very numerous. The balance of the territe and some 
ndissolved carbide will then be absorbed as the austenite grows 
at this temperature there will remain a comparatively large numbet 
distributed carbides. These well dispersed particles not only impede 
srowth, but act as nuclei which accelerate the transformation and, 
sequently, produce a decrease in the hardenability. 
\WWhen an annealed specimen of a steel of type 1 is heated for hardening 
() degrees Fahr., a similar reaction takes place, except that the formation 
austenite is considerably more difficult, and the original islands are 
lhe undissolved carbides impede the grain growth as before, but are 
ficiently dispersed to offer enough nuclei to accelerate the transtormation 
uently a slightly deeper hardenability is exhibited. 
\s a matter of fact the rate of transformation of oil-treated specimens 
¢ is so increased, or the actual temperature of transformation lowered, 
ted by Mr. Shepherd, that it can be easily observed in an ordinary 
furnace. If an oil-treated and an annealed specimen be placed in a 
at 1450 degrees Fahr., and observations made during the heating, it 
noticed that the oil-treated specimen will be through its critical and 
up to furnace temperature, while the annealed specimen will still appear 
black. 
[he structural changes occurring in an oil-treated specimen of type | 
luring heating for final brine quenching at 1600 degrees Fahr. are similar 
that took place when an oil-treated specimen was heated to 1450 
Fahr. However, as the larger austenite islands grow, they absorb 
nd more of the smaller and less favorably situated islands, until all the 
have reached a fairly uniform size. The eutectoid and hypereutectoid 
in this specimen are so small and so well dispersed that they are 
and completely soluble at 1600 degrees Fahr. Consequently with no 
to arrest the grain growth or act as points of crystallization on 
ng, the specimen exhibits a deeper hardenability and a coarser fracture 
the one brine-quenched from 1450 degrees Fahr. in the oil-treated 


' 
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The annealed specimen of type 1, on the other hand, when heated 
quenching at 1600 degrees Fahr. does not dissolve all of the hyp: 
carbide. The hypereutectoid carbides in this specimen are comparatiy 
and difficultly soluble. They impede the grain growth on heating 
points of crystallization on quenching. Consequently the presen 
carbides in the annealed specimen brine-quenched from 1600 degr: 
produces a finer grain and a shallower hardenability than can be obt 
the oil-treated specimen brine-quenched from the same temperature. 

The dissimilarity between the P-F characteristics of the oil-treated 
the annealed specimens of a steel of type 3 is due to the same cause 
differences of degree and not of kind. 


Type 3 steels exhibit a much deeper hardness penetration and a 
coarser fracture than type 1 steels, because of inherent difference 
repression of grain growth in type 1 steel, particularly in the high temper 
range, is due to the presence of widely dispersed submicroscopic nonmetal! 
particles. Such particles do not dissolve or coalesce at the higher treatino 
temperatures as do carbides, and, consequently, they continue to obstruct ¢! 
grain growth. These particles also offer nuclei for the transformation 0} 
austenite on quenching. Thus these minute nonmetallics impede the egraip 
growth and accelerate the austenite transformation to such an extent that ; 
comparatively fine fracture and shallow penetration is obtained when a st 
of type 1 is quenched from the higher range. A steel of type 3, which ; 
dependent upon the presence of carbides alone for the impedance to grai 
growth and for the acceleration of the austenite transformation, shows a coarser 
fracture and a deeper hardness penetration when quenched from the highe: 
treating temperatures. 

Written Discussion: By A. H. d’Arcambal, consulting metallurgis: 
Pratt and Whitney Co., Hartford, Conn. 

Our knowledge of tool steels has been greatly increased during the past 
few years as a result of the published research work of such able investigators 
as Shepherd, Gill, Emmons, Luerssen, Wills and others. Mr. Shepherd's 
paper on “The P-F Characteristic of Steel,” just presented, should prove of 
interest and value both to manufacturers and users of tool steels. He again 
definitely shows that steels of the same chemical composition when subjected 
to similar hardening treatments react differently, certain steels hardening muc! 
deeper than others, a coarser grained fracture also being noted on some o! 
the types tested. We would be interested in learning the composition and th 
treatment given each of the ten specimens shown in Fig. 1. Another set of 
masters made from a different heat of steel of the same composition, especially 
if produced by a different mill, undoubtedly would be quite different in fracture 
grain-size for corresponding samples. Is it not quite difficult, moreover, for 
two observers to check the “F” factor within half a fracture number? 

We would be interested in knowing if all of the carbon tool steel pur 
chased by Mr. Shepherd’s company is subjected to this so-called “P-F”’ test 
Should this be the case, has not the author found that tool steel of the same 


chemical composition from the same mill very rarely does not pass this “P-F" 


test from heat to heat. We have found that tool steel, heat after heat, from 
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ipal source of supply shows a satisfactory fracture and hardness depth 
enched from elevated temperatures, but tool steel of the desired compo 
m other mills will not always react so favorably to these valuable 
t suggested by the author some years ago. 

noted with considerable interest Mr. Shepherd’s comments relative 
mparison between electric furnace and lead pot method of heating. It 
our experience that samples heated in the lead bath come to tem- 
rature very rapidly as compared with similar sized parts heated in the 
ectric oven type furnace. For example, tool steel specimens 34 inch diameter 
6 inches long will harden satisfactorily after being heated in the lead bath 
1460 degrees Fahr. for only one minute. Similar sized specimens from the 
came bar of steel when heated in the electric furnace required 15 minutes to 
reach the furnace temperature of 1450 degrees Fahr. ‘The specimens heated 
the lead bath as well as the electric oven furnace treated samples were 
brine-quenched, after the one-minute and fifteen-minute times, respectively, 
resulting in a Rockwell hardness in each case of C-66-67. The samples 
treated in the electric furnace showed a slightly greater hardening depth than 
the samples given one minute in the electrically heated lead bath furnace. 
Specimens given longer periods of time in the lead bath showed the same 

hardening depth as the specimens heated for one minute. 

It will be interesting to note the reaction of the tool steel manufacturers 
nd users to the author’s suggestion relative to purchasing tool steels on the 
penetration-fracture basis as outlined in this interesting paper by Mr. Shepherd. 

Written Discussion: By S. C. Spalding, metallurgist, American Brass 
Co., Waterbury, Conn. 

fhe author is to be congratulated on originating a practical method of 
lassification of carbon tool steels. Although tool steel makers and users have 
talked of inherent quality, body, timbre, etc., it was apparently left to Mr. 


allurgist 


the pa Shepherd to give us a practical and simple method and set of standards for 


heir determination. ‘The general adoption of this method of classification 
should help materially to bring up the average quality of our carbon tool steels. 


‘stigators 
hepherd’s 
pr ve ( 


7 \ consumer today finds only to his sorrow that steels of the same analysis 
€ again 


and supposed quality purchased from different sources vary widely in physical 
characteristics. When he and the mill metallurgist get together there is 
seldom an agreement, even in terms to describe the fracture characteristics. 


sul jected 
ng mucl 


me t - c - ve e 
oe Here we have a set of standards set up for us. With one of these boxes 


at hand the matters of difference could readily be settled. We hope the steel 
producers will be sufficiently impressed by this paper to equip themselves with 
the standard fracture box and grade their steels accordingly. 


and the 
°r set of 
‘speciall) 
fracture 


: lt would seem to us a great step forward to be able to purchase steel to 
ver, for 


a certain range of P-F characteristics, rather than to a brand name. I would 

like to recommend that our society of itself, or in conjunction with the 

eel pur A.S.T.M., make a study of this method, with the idea of working out acceptable 

-F test standards for inclusion in specifications for tool steels. 

he sam Written Discussion: By A. C. Jones, research engineer, Lebanon 
Foundry, Lebanon, Pa. 

Mr. Shepherd’s contribution to that phase of metallurgical science dealing 
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with grain-size control and hardenability is not only interesting b 


valuable. His whole scheme, cleverly worked out, must appeal not 








research engineer, but also to the control metallurgist, and anyor 
in getting the most out of his steel product. 








lo get the evidence that Mr. Shepherd has presented, was 


1 
) 
} 





dificult than to explain the causes of the uniformities shown. 


\ 





the method and degree of deoxidation and degasification in the melt 





of the steel are very important factors. His scheme applied to the 





in the steel plant should help establish the important factors 





al 








grain-size and hardenability. 











| would like to ask Mr. Shepherd if any relation has been 








him between “inclusion count” and grain-size or hardenability. 











there any notable difference in effect between steels with large in 











those with small inclusions; Another question—has he any data 











that the fine-grained carbon steel preserves most of its impact r¢ 
sub-zero temperatures ? 

Written Discussion: by Henry Wrysor, metallurgical engi: 
lehem Steel Co., Bethlehem, Pa. 


We are greatly indebted to the author who has given us a new 


























for steel quality, based on obvious phenomena of hardening. The exy 





work by which the data was obtained is admirable in both the 


( 





the care to which it was prosecuted. While the primary object wa 


steel quality in the improvement of heavy duty tools, the usefulness 














“P-F” test in other lines of developments and research is foreshadowed 








It should prove very interesting to compare the “P-F” char 


At 




















steels, especially carbon and low alloy spring steels. There appears t 








decided connection between penetration characteristics in quenching and ¢ 





ance of springs in vibratory tests provided the section is heavy enough to di 





a core fracture. That is simply an observation which I have made on bot 
and leaf type springs, but I propose to apply Mr. Shepherd’s method ot 
for a more definite proof. 

Written Discussion: By Thomas G. Foulkes, metallurgical suy 
Bethlehem Steel Co., Bethlehem, Pa. 





























will have an especial appeal to the heat treatment shop man. Here is 
that he can understand and appreciate. This test eliminates, for hin 











mystery of a laboratory report couched in scientific terms, as it gives 
instrument for visual classification. 











this test will give impetus to improvements in the application of steel for 








P-I values, determined from comparison of parts having given sat! 





as well as unsatisfactory service. 








It is realized that all types will be in demand, the type desired « 
on the particular application involved. 





The steel industry stands r 


of carbon and special steels with fatigue values. Take for example sp 


The test, so fully developed by Mr. Shepherd for determining the so-call 


P-l* characteristic of steel, and so clearly presented in his paper on this subj: 


he testing procedure, while exacting, is not difficult. The adoption 


parts, making possible the consistent use of a selected type of steel based 





ISCUSSION—P-F CHARACTERISTIC OF STE! 
in the development of the proper type {o1 particular applications. 
riter is acquainted with the consistent production of two of these 
by Mr. Shepherd, Over a period of several years 


shepherd P-F 


] 
characteristic test 


is a distinct 
t of steel industry 


technique, giving 
ation and selection of steels. 


contribution to. the 
a ready and proved method 


Oral Discussion 


r E. Doan’: 


Iie 


Is there any correlation between the P-Il characte 
gas content of the steel in question? For example, is there any 
ip between the oxygen and nitrogen content of the steel and its P-| 
ist l‘urthermore, 


have you found that there 


characteristic and 
1y of the conventional ways: 


\. MATHEWS 


} 


he above mentioned 


1) al 


is any relationship 
the grain 


size ot steel as 


On the bottom of page 983, Fig. 2, where he reiers 
lizing as samples heated at 1600 degrees Kahr. and quenched, | think 
uld be called pre-quenched. The society of which M1 
sident, and two other 


Shepherd 1 
societies, have 
we should stick by 


a committee on definitions, but 


our old definitions. 


Author’s Closure 


eply to Mr. Focke’s discussion may we say that our particular apph 


of the P-l* characteristic test are for applications in a field which is very 
specialized and would not be of direct value to any one except those few 
; engaged in that particular industry. 


he applications of the test must, therefore, be 
lual’s particular requirements. 


( 


worked out tor each 
use of four temperatures serves to accentuate any differences which 
ist and the test in reality grew from the inability of one temperaturs 
sufficient information. We believe that the test has not, as Mr. Focke 
been developed beyond its initial stages. 


The width of its application 


be determined by further work. 
Mr. Keshian indicates it 


would be quite easy to find differences 
ibility and P-F 


characteristic throughout a heat. We must, however, 
that the particular heats under observation represent carefully refined, 


ne 


poured and rolled steel in which good practice has been used to such 


ent as to control all of these factors within the limits which are possible 
present time. The acceptable bars from heats of steel of this type would 
emarkable uniformity with regard to hardenability and P-F character 
lf any marked non-uniformity would be shown by thes« 

that a change in the source of supply should deserve 
n. 


tests it would 


caretul con 


Mr. Keshian states, the steel mill practice is the best guarantee ot 
formity of hardenability, microstructure, etc., but it 1s very necessary 
tructor in metallurgy, Lehigh University, Bethlehem, Pa 
e-President, Crucible Company of America, New 


York City 
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to continually check the results of this practice by incoming mat 
tion tests. 

Mr. Keshian has touched on one point which is probably not 
or explained in detail in the original paper. This new test method ; 











used to determine the difference between different heats of steel 





mately the same chemical composition with the idea of finally 








service results with a particular P-F characteristic. It is essentia] 
to use metal representative of the heat of material to be tested a; 
reason we forge the stock to approximately 7%-inch round. Test 











an ingot from the outside and interior of an ingot, from the outside a; terior 
of a billet, from the outside and interior of a bar, would very probal . 
a considerable difference in P-F characteristic, diminishing as the 
reduced in size. For this reason any tests made in a manner different thar 
that described on page 983 should be accompanied by specific detailed data. 

In reply to Mr. Allison’s discussion may we say that fracture grain-siz, 
is used to designate the texture of the fracture of the P-F test pieces becays, 
it is closely allied to the actual martensitic grain-size of the test piece. Ther: 
is no more excuse for omitting the word fracture in referring to the fracty 
grain-size, than there is for omitting the word austenitic in speakin 
austenitic grain-size, or in omitting A.S.T.M. in referring to A.S.T.M. graip 
size classifications, etc. It does not appeal to us to refer to the fractures 
fracture appearance #8 or fracture test #6. The grain-size is an 
grain-size, although the scale is empirical. 

The penetration values are reported in ¢s of an inch because the original 
Shepherd slab test known to the steel trade for several years was based on 
sz-inch variations in thickness. Since the penetration is measured on one side 
only, it was only natural that we should continue our designation of harden 
ability in the same terms in which it was originally conceived, namely, % of 
aa or ox. 

The suggestion of one hundredths of an inch should be an optional choic: 
with the user of the test. We have accepted Mr. Allison’s suggestion and ar 
grading our gage in both scales. 

It is true that a single type may embrace steel of widely different analysis 
but the P-F characteristic type may be the same and it is felt that the classi 
fication of the P-F values into types is justified through its clear indication 
as to whether the steel is stable or unstable with regard to either penetratio 
or fracture grain-size, or both. For example, we may have a 0.70 per cent 
carbon tool steel which is the same type as a 1.05 carbon tool steel, but its 
P-F characteristic will be different. It has been found that certain of the 
inherent properties of these steels are similar in regard to toughness, etc., but, 
of course, they may be of entirely different hardenability and P-F characteristic 
throughout. 
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In reply to Mr. R. Schempp’s discussion we look forward with interest 
to complete details of the toughness test for hardened tool steel material 
particularly as these materials will be identified by their particular P-} 
characteristic. 


After this information has been published it is entirely probable that a 
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» of our tool steel users will see much more clearly the necessity 
ing data an tool behavior of steels which have been identified by 
ch 


characteristic and not by the indefinite approximate chemical com- 
After such correlation it is entirely reasonable to expect that new 

‘cations for tool steel will have as their essential requirement a test 

tar to that described in the paper. 

In reply to Mr. Hawkridge’s discussion may we say that unless the 
hservers have had experience in judging tool steel fractures it, of course, 
‘. too much to expect to have a novice read fractures with the skill required 
by the fracture portion of this test. It has been necessary to apply special 
training of probably a much more intensive character to our students in metal- 
lography. Skilled tool steel men usually have very little trouble in passing 
) per cent in the fracture rating test, provided proper light conditions have 
heen available. 

We believe luster is the result of grain-size. The shininess of a surface 
depends upon its ability to reflect light in unbroken wave fronts. Fine-grained 
specimens have a tendency to be more lustrous than coarse-grained specimens. 

The specimens from the open-hearth heat shown in Tables VI and VII 
were hardened through. 1550 degrees Fahr. was a border line where a more 
r less degree of variation in hardness might be expected. The electric furnace 
heat shown in Fig. 13 is of a different type and hardens much less deeply at 
1550 and 1600 degrees Fahr. The less the depth of hardening the more nearly 
the specimens may be expected to be in accord, all other factors being equal. 
We have found it necessary to maintain the specimens at the 1600 degrees 
Fahr. normalizing temperature for at least 40 minutes after heated through. 
We agree with Mr. Hawkridge that a modification of the P-F test would be 
extremely valuable for steel of intermediate carbon ranges, both with and 
without alloys. We have offered the test with the hopes that some of our 
more able investigators will carry this work on. 

In reply to Messrs. Luerssen and Greene’s discussion there is a question 
in our mind whether Type 1 material produces a less soluble carbide or whether 
the solute is less active. Regardless of this, we are convinced that Type 1 
material is not “carbide sensitive” because the presence of other penetration 
propagation inhibitors, such as submicroscopic oxides, etc., is more pronounced 
than in the other P-F types of steel of the same composition. Type 1 is not 
annealing sensitive and, therefore, the question of carbide size does not enter 
the picture. 

The balance of Mr. Luerssen and Mr. Greene’s discussion serves to answer 
the query of Mr. Hawkridge. 

In reply to Mr. A. H. d’Arcambal’s discussion the set of Fracture Stand- 
ards is an empirical set of standards and cannot be produced by a definite 
material heat treatment formula. While this formula is essential as a guide, 
the fractures obtained must be discarded if they do not come up to the stand- 
ard of acceptability established for each particular number. Slight variations 
are made in treatment during their production and a great many discards must 

be made for each acceptable specimen. 


Another mill could use entirely different steels and heat treatments and 
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a number 
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time mentioned 


ure to obtain 
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niformity 


cooling rate due to the 1 


inside. 


in the establishment of 


procedure for the conduction of the P-I* test. 


\. C. Jones tl 


and 12. Smal 


of inclusions 


G. FE. Doan may we s: 


Nitrogen Analysis 
Per Cent 
0.006 
0.008 
0.008 
0.007 
0.10 

0.008 





lere 1S 


lL inclusio 


effect upon hardenability, as will be noticed from Fig. 8. 


Apparent] 
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rid 


also 


vy the 


ly 
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that 


Oxygen Analysis 
Per Cent 


as a function of the length of time through the critical temperature an 


quenching temperature. | 


a noticeabl 


ence in the hardening effect obtained on steel with large inclusions. a 


Metallographic examination of the center of each of these slabs d 


in 


causing the change in hardening effect were submicroscopic in character 


we 


been unable to find any correlation between the P-F characteristic and tl 
content of the steel in question, 





EFFECT OF McQUAID-EHN GRAIN-SIZE 
ON HARDNESS AND TOUGHNESS 
OF AUTOMOTIVE STEELS 








By H. W. McQuatip 







Abstract 






This paper discusses the importance of grain-size 
! in automotive steels. It touches on the importance 
ain-size characteristics, not only as shown by the 
Ouaid-Ehn test, but under other conditions as well. 
scusses briefly the uncertainty of such terms as hard 
toughness, etc., as well as the underlying factors 

h operate to cause grain size variation, 
Evamples are given of results of grain-size variation 
case strength, impact value, distortion, etc. The value 
e¢ fine grain steels in making possible direct quenching 
arburizing steels is noted. The application of the 
sise Specification to various heat treated parts is dis 
! and some recommendations are made. 

















|. title of this paper might lead one to think that automotive 
teels are of a different type than those used in other industries. 


tutomotive steel is meant those steels commonly used in the 





cture of automotive equipment, we must cover all grades of 
| 





irbon and all grades of alloy with the exception of the special 








teels. Automotive steels include screw machine stock, case 
ening evrades, bolt stock, spring steels, valve steel, oil hardening 

els, deep drawing sheet steel, stamless, ete. The list 1s long 
the requirements many. Because of the complexity of the 





rements it will be impossible in a paper such as this to do more 





touch briefly on the requirements for different parts of auto- 





equipment, the types used and the part played by grain-size 





e types. It must be made clear at this point that the McQuaid- 





tis not necessarily restricted to steels for case hardening, but 





bly finds its most valuable application in steels of the medium 





group both in alloy and plain carbon. 






he value of grain-size control as indicated by the McQuaid- 










iper presented as part of the Grain-Size Symposium of the Sixteenth 
Convention of the Society held in New York City the week of October 

Che author, H. W. McQuaid, a member of the Society, is research 
sist, Republic Steel Corp., Massillon, Ohio, Manuscript received July 
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Ehn test lies in its use to help reduce the variation in chara 
from one heat of steel to another of the same chemical spe 
lor many years there has existed unexplained variation 
acteristics between heats of steel of the same analys 


Dar- 
ticularly in the plain carbon grades and many carbon steel apy 5 
have been replaced by alloy steel applications because of t! fF 
most heat treating plants there have been times when lots of forgings 
have been found which would not respond to the quench, o: hie) 


cracked in quenching. Case hardened plain carbon steel has been - 


particular sufferer from this variation, and in the gear plants th 
difficulty has been such that it has been common practice to determin, 
the characteristics of a given heat by sending through trial on pilot 


lots. 


response to case hardening indicated, in the carburized samples, two 
distinct characteristics in a heat of steel. First, on the plain carbon 
steels particularly, the difference in structure of the hypereutectoid 
zone caused by the variation in stability of the pearlite grain in con- 
tact with the cementite network and second the variation in the siz 
of the pearlite grain itself. See National Metals Handbook, 1933. 
page 644. 

The variation in structure or “normality” as indicated by th 
McQuaid-Ehn test has been investigated by many and seems to b 
related to the oxide in the steel as made, and according to Gross 
mann also to the oxygen absorbed in the carburizing process. What 
makes one heat of steel absorb more oxygen during the carburizing 
process than another is still far from being determined but its dis 
cussion, while very interesting, has no place in this paper. 

As investigations were made, however, following the original 
investigation, it was found that the size of the grain was of great im- 
portance, in both alloy and carbon grades, but the “normality” of 
more or less indeterminate importance, particularly in the allo) 
grades. The first tendency with the development of the so-called 
McQuaid-Ehn test was to consider all fine-grained abnormal types 
as unsatisfactory and all coarse-grained normal types as good. It 
was soon found, however, that this was far from being true and that 
the coarse grain very normal types, were not satisfactory for gears, 
axle shafts, bearings, etc. This lead to a study of the relative effects 
of variation in grain-size and normality with an increasing realiza- 
tion of the importance of grain-size. 
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isual explanation for the variation in inherent grain-size as 
the McQuaid-Ehn tests is that the austenitic grain-size 1s a 

{ the number and size of the nuclei present in the liquid 

the time it freezes. Thus it is said that when the liquid 
containing a certain percentage of FeO in solution has added 
rtain amount of a strong deoxidizer lke aluminum or van- 

vhich goes into solution in the liquid steel the deoxidizer 

ts with the FeO forming nonmetallic particles which are present 
finely divided solid inclusions in the liquid steel. “These inclusions 
sedly in colloidal dispersion act as centers of crystallization to 

the grain-size. While this is a more or less plausible explanation 
difficult to make it always fit in with actual practice. Thus we 
electric furnace heats with silicon of 0.20 per cent or more 

an be very easily made fine-grained while other heats with low 
icon and high FeO are relatively difficult to make fine-grained. 
ectric furnace slags are usually very low in FeO with correspond- 
ngly low FeO in the steel. The addition of silicon and manganese 
re tapping should result in well deoxidized electric furnace steel 
less the heat has been boiled down and the scrap selected, the 

| killed electric heat will be fine-grained with a relativly small ad 
nof aluminum. The fact that variation in the deoxidation prac 


ce and aluminum addition affects the grain growth range as well as 


the grain-size, indicates that the cause of grain-size is not nuclei 


lid at molten steel temperature but some compound of aluminum, 
nadium, etc., which is present in the austenite grain boundaries and 
hich } 


anges its solubility at some definite temperature in the aus 
ite. The effect of this solubility on carbon solubility would pro 
uce normality variation, and inhibit grain growth below a given 
mperature. This would account for the difference in grain-size and 

growth between vanadium and aluminum killed steel and also 
the varying effect of different percentages of deoxidizer. Whether 


the compounds which produce the interference phenomenon are ni- 


trides, carbides, or oxides, is a matter of speculation, but the indica- 
ions are that the nitrides are a very important factor. The fact that 
grain-size control on carbon steel has been successfully accomplished 


. ry) 
NI] 


mercially in plain carbon heats, by regulating carbon drop, FeO 
slag content, tapping temperature, aluminum additions, etc., does not 
necessarily mean that the FeO in the steel plus the aluminum was 

contributing combination to affect grain-size control. In 
heats relatively high in FeO the increased aluminum may be required 
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to provide an excess Ovel and above that required for SIn 


with IkeQ) 


Before going further we should spend some time clea 
possible vagueness surrounding the use of the terms “Me 
(;rain Size,” “Hardness” and “Toughness.” 

Hlardness is a rather indefinite term and while it 11] 
tain comparative resistance to indentation or movement of n 


a discussion involving hardness it 1s always best to qualify 


ardness by such terms as Rockwell, Brinell, Scleroscone 
| | h t Rocl ll, Brinell, Sel 


fhe structure bemeg tested has a direct bearing on the re 
tween file hardness, Rockwell hardness, etc. The definition 
ness as a measure of the resistance to wear does not apply to 
tic structure or structures containing a high percentage ol a 
lor very hard surtaces which must resist wear and abrasion 
limited as it is, is still the best indicator of hardness. It j 
certain method of insuring satisfactory hardness on case | 
alloy parts quenched directly from the carburizing box 
type of work almost any combination of file hardness and k 
or Scleroscope can be obtained by varying the carbon content 
case and the quenching method. It 1s possible to obtain by 
treatment on a 2-inch round section, readings of 63 Rockwi 
a Scleroscope hardness of 100 plus on one side, with readin 
Rockwell C and 45 Scleroscope on the other, and at the sam 
have the side with the high readings soft to the file with the 
low readings file hard. In such parts as gears, the file 1s tl 
test for hardness where resistance to surface fatigue and 
is the important factor. 

\s far as toughness 1s concerned this is also a rather vague ter 
and is associated in the minds of most steel users with high 
of deformation before failure. The classic example of autom 
front axles and steering arms which could be tied in knots bet 
rupture, 1s a good example of what the public has been taught 
think of when tough steel is mentioned. The fact that the soft 
and steering arm would not stand up in service with a much harde' 
axle, or arm was soon made evident, as the load on these parts 1 
creased. It 1s necessary that an important part have suffi 
strength and rigidity to perform in service with minimum deflect 
and toughness 1s not important within this range. However, 
overload and deflection occurs beyond the elastic limit, it 1s 
tant in most parts that there be present the ability to take a p 
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ithout concentrating stresses on some defect in surface or 
his ability to absorb stresses beyond the elastic limit with 
is the true useful measure of toughness. It is measured 
egree by the impact test, and must always be considered 
tion with the hardness and elastic limit of the part. 
\icQuaid-Ehn grain deseribes a certain structure obtained 
urizing at 1700 degrees Kahr. for eight hours and cooling 
ugh to develop a pearlitic structure in the case, with the 
pearlite surrounded by excess cementite in the hyper 
one to indicate their size and the character of the cementite 
tructure. It indicates the structure of the case and the size 
pearlite developed in the case by this temperature and slow 
Che McQuaid-Ichn test indicates the structure only at the 
rature given and does not necessarily indicate the structure or 
at any other temperature. This is a most important point 
may have and may desire an entirely different grain size 
temperatures. 
know for good machinability in some types of steels that a 
pearlitic structure is the most satisfactory, whereas in the 
teel after heat treating, a very fine structure may be consid 
most desirable. This means that in the heat treating range, 
ne-grained steel would be the best and in the normalizing range, 
e-grained steel might be the best. Thus for some applications 
inge In grain-size on heating is desirable, between the heat treat 
temperatures and the normalizing temperature. 
(his 1s fortunately what usually happens unless the steel is de 
ly made to be fine-grained at 1700 degrees Fahr. when it be 
es necessary to raise the normalizing temperature above the grain 
wth point 1f the best machining structure is to be obtained. 
\ccording to most text books covering the heat treatment of 
grain growth starts at the Ac, point and continues at an in- 
rate as we increase the temperature above the Ac, range. 
a condtion that only exists in the true coarse-grained steels 
the steel melting practice is modified to control grain-size 


) we find that in some steels there is a very slight increase 


size until we pass a certain definite temperature which may 
degrees Fahr. above the Ac,. The location of this grain 
range is a function of the deoxidation practice and is af 
y the kind and amount of deoxidizers used and the condition 
iquid steel at the time they are added. The grain growth 
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range of the case may be different from that of 


different coarsening temperature. 











temperatures below 1800 degrees ahr. whereas 
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for these steels. 














\c, are reached is not at the present understood. 
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The addition of alloys and variation in deoxidizing 


close to 1700 degrees Fahr. the McQuaid-Ehn grain-size j 


of commercially great importance we must consider first of all 


will also for the same Brinell hardness machine better with 


condition. Where minimum distortion is desirable the fine-g1 


there is a growing tendency to specify the fine-grained shallow 


Bain, Transactions, American Society for Steel Treating, Dec. 1933. 


M. 


the cor 


In the commercial plain carbon steels, carburized 
temperature, it was found that in the fine-grained abnorma 
(at 1700 degrees Fahr.) the core would, in every case, 


the hyy 


zone in some cases did not coarsen below 1900 degrees Fa 


sults in many variations so that under certain conditio1 


have quite decided lack of uniformity in relation betwee: 


Since for machinability we are interested in the struct 


material after a normalizing operation or in the as-rolled 

either condition. Since most normalizing is done at tem 
Why some steels show a very rapid increase in grai 

temperatures close to the Ac, while others show very littl 


The variations i1 
properties which can be obtained by controlling the structur 


1! 


relatively coarse or fine. If it is coarse we know that the steel 


ness, show lower impact values than will the fine-grained stee! 





1, 1922, p. 1 


we are interested in the grain-size and structure as it is foun 


grain growth tendency is fairly well understood and of great practi: 
importance. In order to understand why the McQuaid-Ehn test 


WI 


whether or not the grain shown by the test at 1700 degrees Fah 


all 


information can be obtained from it. In the first place we determi 


respond better to quenching, that is, it will harden more deeply for 
if the sections are not uniform. It will for the same Brinell hai 


yett 





growth until temperatures as much as 500 degrees Fahr. above t! 


Wi 
\\ 


given quench and tor the same reason warp and crack more eas! 


surface than will the fine grained steel in the usual rolled or torged 
shallow hardening type is desirable and since the surface hardness 
is little (in most carbon and alloy grades) affected by the grain siz 
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and increase the normalizing temperature to coarsen the 
‘ood machining. If the grain-size control has been carried 
where the grain does not coarsen below 1800 degrees Fahr. 
difficult to put it in good condition for machining because 
rcity of satisfactory furnaces for normalizing at tempera 

ve 1800 degrees Fahr. 
vever, many plants are now equipped to normalize the fine 
teels at temperatures of 1800 degrees Fahr. or higher and 
results have been quite satisfactory. In the alloy grades partic 
the melting practice has a direct relation to the grain growth 
nd some alloys are particularly easy to coarsen at tempera 
ve 1700 degrees Fahr. The standard chromium-vanadium 
the S.A.E. 6100 series coarsen up very easily at temper- 
above 1700 degrees Fahr. and yet are usually fine-grained 
w 1650 degrees Fahr. This is an ideal condition and makes this 
very well suited for applications where maximum machining 

luction is required. 

Soon after the carburizing test was developed it was found that 
some applications that the coarse-grained normal type was too 
eep hardening and warped too much so that the fine-grained type 
; indicated where distortion and toughness were important. ‘The 
of grain-size as shown by the carburizing test on the proper- 
ties of the heat treated part soon became known and a grain-size chart 
as developed to permit of classification according to grain sizes. 
he first chart developed was that of the United Alloy Steel Co. in 
25. It showed ten grain-sizes and was followed in a short time by 
he Central Steel Co. with one of nine grain-sizes. The Central 
Co. chart included not only the hypereutectoid zone at 1700 


rees 


STEK 


ahr. but the gradation zone and core as well. ‘Today the 
\merican Society for Testing Materials grain-size chart is com 
nly used and can be considered as standard. 

|) 


evelopment of the grain-size chart was soon followed by speci 


; for grain size, particularly on case hardened alloy gear steels. 
ndency to specify according to grain size soon required the 
mills to develop a technique which would enable them to meet 
cihed grain-size requirements. The alloy mills were soon 
by the increasing pressure to study melting practice from 
} ingot with the greatest of care, and satisfactory control was 
btained to the point where fine or coarse-grained steels could 


commercially. Certain alloy combinations present difficulty 
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and do not lend themselves to grain-size control. The | 
open-hearth heats are somewhat difficult to control and 

rule, relatively more care and skill than alloy heats of th 

and manganese content. 

The development of grain-size control on medium « 
motive steels is particularly interesting in that in thes 
hardening characteristics are of especial importance. Wj 
the largest users, a steel of approximately 0.40 per cent 
0.80 per cent manganese is used for front axles, cranks, cai 
arms, starter rings, connecting rods, etc. Here, while tl 
is identical, the hardness requirements are of necessity dit 
the steel maker must supply one type for connecting rod 
type for cranks and still another for front axles or starter rings 
This variation in requirements for hardenability is met with 
mercially by grain-size control as indicated by the McQuaid-!*hn ¢ 


and since the ability of the steel supplier to hold this larg: 





business depended on this ability to meet the requirements, a sudde: 
and intense interest in grain control was developed when this beeai 
known. 

Thus, we find today, all the important producers of special car 
bon as well as alloy automotive steels for heat treatment in a posi 
tion to supply these steels to different types. The development of th: 
ability to do this has marked a very important and revolutiona 
change in the view point of the large scale steel producers 

The ability to produce steels which retained their fine-grain 
characteristics after prolonged heating at carburizing temperatures 
gave also a new importance to quenching directly from the carburi 
ing box and temperature. Since the usual steel was formerly coarst 
grained, quenching directly from the carburizing temperature was 11 
ill repute because of the poor fracture and high warpage obtained 
With the advent of fine-grained steels, however, it became possible | 
quench directly from the box and still have a satisfactory tractu 


combined with good toughness and low warpage. This has result 


in a considerable increase in the number of carburized parts which at 
directly quenched from the carburizing box. 

In considering the effect of grain-size variation from heat 
heat as shown by the McQuaid-Ehn test on finished properties 
should be careful to deal with averages and not be too quickly mis 
led by special cases. As shown by Bain and others, the fine-grained 





steels are usually shallower hardening and have higher impact values 
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Coarse Grain Normal Type, With Abnormal Streak 
Fine Grain Abnormal Type 100 
Loo 


Grain Normal Type 
FE. V. Blanchard, 


l 
Fig. 2 
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ig }—Fine 
Roller Bearu 


Bowe 1 


Photomicrographs courtesy 


the coarse-grained steels. [exceptions to this have been noted 
times, particularly in the alloy grade. The so called fine 
ed normal types are apt to react differently from the fine eraimed 


rmal type and in the alloy carburizing steels the fine grain normal 


tend to break in cold straightening and often show most of the 
The fine grain 


sirable properties of the coarse normal heats. 
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Fig. 4 Photomicrograph at Left is that of a Coarse Grain Abnormal! 
Steel 100 Photomik 


rograph at Right is that of a Coarse Grain Nor 
mal Steel x 100 


Fig »--Photomicrograph of Mixed 


Grained Normal Type Steel 
100 


normal heats do not harden as deeply as the 


coarse grain normal 
heats but they do show a tendency (in the alloy 


steels particularly) 
to be less ductile and more 


sensitive to suddenly applied loads than 
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rained abnormal types. [Tor this reason, where the maxi 
bination of toughness and hardness is required, the fine 
hbnormal type is to be preferred. 
have been found where (in the high carbon plain carbon 
he coarse-grained abnormal types have shown shallow hard 
roperties. In checking tool steels it has been noted that some 
arse-grained abnormal types show good resistance to grain 
and would be rated as having a good timbre test. 
Usually the grain-size and normality are related. The coarse 
teels show a well defined net work of cementite surrounding 
finely lamellar pearlite in the hypereutectoid zone while the fine 
steels show a tendency toward massive cementite with some 
vorce of the pearlite. In looking back over many investigations of 
faculty with heat treatment, it has been found as a rule, that where 
idenability or brittleness has been involved that the fine-grained 
teels were shallower hardening and the coarse-grained steels were 
leeper hardening steels. lor this reason the characteristics of the 
ine-grained abnormal type are the characteristics usually associated 
with fine-grained steel and the characteristics of the coarse-grained 
rmal type are those usually associated with coarse-grained steel. 
\pparently the grain-size effects outweigh the normality effects what 
ever they may be 
Che McQuaid-Ehn grain-size is specified by most automotive 
metallurgists either directly or indirectly, because of its bearing on 
ichining, on distortion or on actual physical properties. Thus one 
tor years of S.A.E. 2315 ring gear steel would specify a coarse 
rained steel (1-5 on the American Society for Testing Material’s 
chart) because with his plant procedure this gave him the best results 
achining, but at the expense of the distortion in the hardening. 
\nother user would specify a fine-grained steel (6-8 on the 
rican Society for Testing Material’s chart) for the same part 
ise of reduced distortion as compared to the coarse-grained 
by normalizing at a high temperature the rate of machining 
not reduced commercially. Some users rather than change to a 
r alloy or carbon analysis will specify a coarser grain to improve 
rdenability. 
\lost gear applications require a fine grain, shallow hardening 
because in gears the control of distortion is usually of the utmost 


tance to avoid heavy localized tooth pressures and noise by 


ar and small tooth contacts. This is quite universally the case 
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in automotive applications where gears are usually desigy 
low factor of safety and their success depends on good toot! 

Some users, especially on plain carbon steel, require a st 
shows an intermediate range of grain-size on the McQuaid 
This is to permit satisfactory hardenability on heavy sectio1 
cracking on the lighter sections. The tendency to crack 
ereater on the coarse-grained, deep hardening steels so th 
water-quenched carbon steels the coarse grain must be avo 

In oil-hardened, plain carbon gears, such as flywheel start 
it is necessary to obtain maximum hardenability especialh 
lower carbon grades. Here the coarser-grained steels ari 
and perform quite satisfactorily while the finer-grained 
hardening type are generally entirely unsuitable. 

In connecting rods, on the other hand, the coarse-grain« 
hardening type will not work out satisfactorily because o 
tendency to be more sensitive to shearing, forging and _ fla 
cracks. The sections are thin so that in order to avoid hig! 
treat losses the shallow hardening grades are required. 

\xle shafts are generally of the fine-grained type parti 
in heavy duty truck applications. The combination of relative 
alloy and fine grain permits the use of high Brinell hardness wit! 
consequent gor «l fatigue life, together with the decreased tende: 
start localized cracking of the fine grained types. These 
cracks act as notches for fatigue failures and are to be avoided wh 
ever possible. The use of fine-grained steels is for this purpos 
particularly important. The greater tendency of the coarse-grained 


deep-hardening types to localize severe stresses, results in mucl 


shorter life on heavy duty axle shaft applications due to the occasional 


heavy overstress to which this member is subjected. On passenge 


car service the overstresses are much fewer so that lower all 
coarser-grained steels are satisfactory. 

In the plain carbon, case hardened parts, such as camshaits, t! 
coarse-grained steel is preferred because of its easier quenching 
avoid soft spots. The difficulty encountered with the very coars 
camshafts is a tendency to quench so hard that the corners of th 
cams crack off. For this reason a finer-grained type which 1s 
satisfactory for good surface is to be preferred. For plain car! 
piston pins, the same requirements are present as in camshaits 


alloy pins the fine-grained grades are much to be preferred. 
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ined types are more sensitive to grinding cracks and are 
e from this standpoint. 

such parts as knuckle pins, steering arm balls, ete., the fine 
hallow hardening type is to be preferred because of the im 
of these parts in the safe operation of the vehicle. The 


it treating range, the superior impact properties and the 





Photomicrograph at Left is that of a Fine Grain Normal Type Steel 


Photomicrograph at Right is that of a Fine Grain Abnormal Type Steel 


rally tougher characteristics of the shallow hardening type indi 
the use of the fine-grained type. The same argument can be 


used in favor of the fine-grained steels for steering arms, knuckles, 


steering gear parts, etc. These parts should always be made and 


| to give the maximum of notch fracture resistance, and tough 
lor the hardness required. 
or cold-headed bolts and in fact all heat treated bolts whether 
or carbon, water- or oil-hardened, a fine-grained, shallow hard 
type is to be preferred. However, for cold heading, a steel 
will be very coarsely pearlitic in the as-rolled, or nomalized 
tion is to be preferred. This is because of the better cold 
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heading properties of the steel which shows a very coars: 
structure. This means that if a fine-grained steel is us; 





normalized condition, the normalizing operation should be 
coarsen the pearlite as much as possible and if used in the 








condition that the finishing rolling temperature should }b 





as possible, and above the coarsening range. 

For springs, the finer-grained steels with their decreased 
to localize stresses at surface defects are to be preferred. 
the high quenching stresses still present in the finished sp: 
tendency to localize stresses is very pronounced. In flat spri 
is offset by the fact that most surface defects due to rolli 























are in such a position as to not play an important part. With th 
advent of the coil spring the effect of surface defects was very muc! 
increased, because of the torsional stresses involved. Her th 
fine-grained shallow-hardening types are to be preferred. In al 
such applications, where the quench is severe the control of the dept! 
of hardening is important and hence grain-size as an indicator oj 
hardenability is important. 























It is possibly simpler and more accurate in such applicatio: 


to actually make grain growth and depth hardness checks using ; 
method of standardization such as that developed by B. F. Sheph 
h 











of the Ingersoll-Rand Co. This method is well suited to the hi 
carbon steels and should be of advantage on such steels as the silico 
manganese types. 
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In steel for automotive bearings of the roller type the finer- 
grained steels are almost universally used. These are usually of th 
nickel-molybdenum carburizing grade and are carefully checked fo 
grain size. The fine-grained steel in this application is of valu 

















primarily because of reduced distortion, decreased internal stress 





from the quench and less tendency to check in grinding. 





In heat treated steels for miscellaneous parts such as hardened 





washers, small pins, etc., of plain carbon steel, usually cyanided and 
sometimes case hardened, grain-size and normality checks are not 
often used because of the difficulty in controlling the steel for such 
parts at the source. Where cyaniding is to be used, the fine-grained 
shallow-hardening type is to be preferred especially for washers, 
because of the difficulty with distortion after a water quench. Fo 
parts not heat treated, such as frames, body and fender stock, the 
McQuaid-Ehn grain-size is important but not specified because 0! 
the greater importance of other factors. In the making of the stee! 
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Table I 
Effect on Strength in Tension of Carburized Steel 
Due to Grain-Size Variation 
d 1700 Degrees Fahr. Pot Quench. Drawn 325 Degrees Fahr. One Hout 
Average Values 


Case Strength 
First Crack Case Depth Deflection 
Fine Coarse Fine Coarse Fine Coarse 
Pounds per Square Inch j Inches —~ —Inches——, 
155,500 138,500 0.030 0.034 0.086 0.060 
158,300 113,000 045 0.048 0.077 0.048 
143,700 95,700 065 0.064 0.066 .036 
146,300 113,000 .072 0.074 0.072 055 


258,000 212,000 .030 0.035 0.159 491 
205,000 180,000 054 0.045 O.112 .O99 
219,000 165,000 065 0.062 0.122 .090 
210,700 164,000 .072 0.072 0.124 .085 


192,700 179,000 .027 0.028 0.122 .092 
191,000 148,000 .045 0.045 0.105 .074 
191,700 149,700 .060 0.066 0.105 075 
203,200 145,000 .078 0.074 0.110 .075 


> 


S 

) 

) 
é/ 


3,300 253,000 .031 0.032 0.162 161 
5,600 203,000 .045 0.048 0.150 .126 
7,600 187,800 .060 0.060 0.115 .104 
6,300 193,000 .075 0.078 0.096 114 


22 
2¢ 
17 
187,900 174,400 .030 0.030 0.099 099 
178,700 158,400 .048 0.046 0.092 083 
165,000 155,500 .066 0.064 0.080 0.078 
165,800 155,000 .080 0.076 0.083 0.077 
191,200 .028 0.114 

172,200 .050 0.090 


170,900 0.066 0.082 
158,400 0.080 0.080 


7 


for deep drawing sheets, the practice required where surface is all 
important, interferes greatly with McQuaid-Ehn grain-size con- 

Some examples are herewith given of grain-size effects on parts 

an automotive vehicle together with a table showing the usual 
land grain-size for such parts. 

Following are some extracts from reports of actual investiga- 
tions of actual plant difficulties, where grain size was involved. 
Investigation of High Rejections of Gears Because of Noise 

(1) “The follow up data on this heat is indicative that the 
fine-grained type is less susceptible to movement than the 
coarse-grained type, therefore, changing the grain-size 
specification on the material for the gear from the coarse 
to the fine side was justified.” 

Investigation of Losses Due to Distortion of Pinion Stems 

in Quenching 
(2) “From the above it is apparent that, since there is a varia- 
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Table II 
Effect on Strength in Tension of Carburized Steel 
Due to Grain-Size Variation 
Carburized 1700 Degrees Fahr.—Single Treatment—Drawn 325 Degrees Fa 


Average Values 


Case Strength 


First Crack Case Depth Deflection 

Fine Coarse Fine Coarse Fine Coarse 

Steel Pounds per Square Inch —Inches———, —Inches— De 
1020 137.800 158,000 0.030 0.030 0.090 0.094 
1020 137,000 137,700 0.055 0.058 0.074 0.066 
1020 163,000 166,000 0.070 0.075 0.090 0.084 
1020 157,000 146,000 0.078 0.082 0.079 0.069 
] 226,700 182,300 0.040 0.038 0.134 0.102 
315 28,300 167,000 0.055 0.058 0.130 0.085 
31 252,000 173,000 0.064 0.064 0.163 0.089 
2 222.000 155.500 0.078 0.078 0.123 0.076 



















































4615 168,000 148,000 0.038 0.036 0.100 0.075 
1615 182.000 129,000 0.048 0.053 0.107 0.060 
1615 189.000 136,000 0.064 0.060 0.100 0.065 
$615 199,000 137.300 0.075 0.080 0.111 0.063 














275,100 242,800 0.032 0.028 0.184 0.146 
237,100 257,400 0.050 0.055 0.148 0.159 
512 258.300 250,100 0.070 0.065 0.173 0.148 
ro12 239,600 244,100 0.080 0.075 0.139 0.146 




































] 200 140,100 O38 .036 0.086 0.074 
11 148,700 152,800 0.058 0.052 0.071 0.080 
311 167,500 162,000 0.065 0.065 0.083 0.085 
311 185,000 165,000 0.078 0.080 0.092 0.083 





































































































611 200,400 0.039 0.115 16: 
611 210,700 0.056 0.129 
611 192,800 0.065 0.105 
611 500 0.080 0.113 






























tion of five (5) numbers in the grain-size ratings, of th 
pinions, there is, at least in this particular instance, 
definite relation between grain-size and pinion stem 
straightness. It is also apparent that a coarse-grained 
type should not be used when direct quenching is em- 
ployed.” 

The above is typical of many reports which could be quoted 
to show the importance of grain-size and is indicative of the pra 
tical application of grain-size control. 

Tables I, II and III show the effect on the strength in tensiot 
of a carburized case due to grain-size variation. The values wer 
determined by bend tests of 34-inch square bars, 10 inches long, car 
burized on top and bottom only. The figures for case strength rej 
resent the calculated values obtained from the applied bending load 
These figures show not only the advantage of the fine-grained cas 
but they also show the weakening of the case with increase in depth 
This decrease in strength with increasing depth is most marked in 
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Table Ill 
Effect on Strength in Tension of Carburized Steel 
Due to Grain-Size Variation 
Degrees Fahr Double Treatment— Drawn Devrees thr. On HH 


Average \ alue ~ 






















Case Strength 






First Crack Case Depth Deflection 
Coars« Fine Coarse Fine Coars Treatment 
is per Square Inch Inches Inches Degrees Fahr 
143,700 0.030 0.037 0.091 0.09 16 Oj] 
0 131,700 0.055 0.062 0.09 0 O68 14 Water 
Oo 165,500 0.066 0.072 0 O88 ( 






160,700 0.074 0.078 0.092 0 j 







7,500 0.038 0.035 0.163 , 7 Oi] 






0 235,700 0.064 0.055 0.170 1 20 OF 






0 236,000 0.068 O.065 933 0.16 
0 259,000 0.078 0.085 0.204 ) 1 
400 155,300 0.035 0.040 0.114 09 1 mel 
On 177,000 0.048 0.050 etc 0.104 1400 Oi 
00 174,000 0.064 0.065 0.130 19 
7.400 192,700 0.078 0.080 0.116 0.106 
} 000 254,500 0.036 0.027 0.223 0.158 YO 
6.900 314,700 0.052 0.048 0.210 0 1450 Oj] 
1.100 298,000 0.070 0.065 0.216 0.202 






286,300 0.080 0.078 0.213 ) 













132,400 0.038 0.032 114 il 
000 164,950 0.052 0.048 0.114 Q);] 
700 157.000 0.065 0.060 0.109 ) 

181,200 0.075 0.075 0.104 (0) 










900 0.034 











0,100 0.056 0.096 1475 Oil 
6,000 0.060 0.119 
900 0.078 
























































i Table IV 
“ Effect of Grain-Size on Izod Impact Value 
Medium Carbon Steel 
ste! 
Per Cent 
ine Carbon Manganese Grain Size 
\ 0.40 0.85 Fine Grain #7 
em B 0.40 0.80 Coarse Grain 
Quenched 1500 Degrees Faht Water 

ote Drawn as Shown 

Izod Impact Values and Brinell 

sais meuenenatstpirteiifamnentenpetiiinn 

Degrees Fahr Impact Value Brinell Impact Value Brine 
Draw 600 48 242 9 6 
SIOT SOO 62 234 10 } 
1000 77 207 ] ] 

Vel 1200 98 190 

Lad 

rej straight nickel steels and is probably due to the increasing per- 
oad tage of austenite in the case. As the austenite layer increases 
cast pth, the internal stress should increase due to the tension set 

+h, ; ; ; 
pth the austenite by the martensite layer beneath it. 
1 in hat the decrease in strength is probably due to increasing 
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Table V 
Showing Commonly Used Automotive Steels and usual McQuaid-} 
Grain-Size Requirements 













Steel Grain Size Recommend: 









(a) Plain carbon not heat treated Coarse for maximum machinability 
parts heading properties. Fine when subj 
S.A.E. 1112 loads or occasional severe over-stress 
S.A.E. 1010 
S.A.E. 1020 etc. 
S.A.E. X-1315 

(b) Plain carbon heat treated un- Generally fine-grained, shallow-hardenin; 

carburized parts. oil-hz irdened to high Brinell use coars 

S. A.E. 1025 Coarse grain in very heavy parts su 
S.A.E. 1040 truck front axles. Medium grain in 
S.A.E. 1050 etc. front axles. 
Ford EE, EEE, et« 

(c) Plain carbon case hardening Fine grain for minimum distortion. 
type. machining and hardening. Generally 
S.A.E. 1010 fine as possible consistent with satisfact 
S.A_E. 1020 hardness. Used in camshafts, small 
S.A.E. X-1315 differential parts, brake parts, washers, et 









(d) Pil: sin carbon high carbon type. Flat springs, valve springs, coil springs. ] 
S.A. E. 1060 best to avoid stress concentration. Bumpe 
A.E. 1095 etc. medium grain size to coarse for oil hardet 














(e) Plain carbon, high manganese Used in many important parts. Fine 
with or without high sulphur. ferred. Depends on analysis, quench, 
S.A.E. 1340 commonly specified. 





S.A.E. 1360 etc. 

















(f{) Low carbon, low alloy case Fine grain for gears—Danger of trouble 
hardening steels. face soft spots if too fine and abnormal 
S.A.E. 2015 heavy parts, coarse grain. For direct q 
S.A.E. 2115 etc. fine grain preferred. 


Chromium- Nickel 
Vanadium-Gear Steel C.N.V. 















(zg) Low carbon, medium alloy For gears and bearings, fine grained best 
types. grain for direct quench. Coarse grain f 
S.A.E. 3115 sections for maximum core properties. For 
S.A.E. 6115 mum machinability with increased distortion 
S.A.E. 4615 grain preferred unless special normalized 
S.A.E. 231Setc. 
carburizing grade 






















(h) Low carbon, high alloy type. Used for truck and bus gears and very hea 
Case hardening 3%% Ni. case hardened parts. Fine grain in all applicati 
ae ere 
S.A.E. 25 


S.A.E. 3300 
S.A.E. 3400 
Krupp etc. 





m carbon, medium alloy. Used for passenger car and light truck axle shafts 













». A. E. 3130-3140 arms, knuckles, some connecting rods, cra iks 

S.A.E. 4130-4140 hardened gears, etc. Should be fine-grained in a 
S.A.E. 5130-5140-5150 applications where so called toughness is important 
S.A.E. 6130-6140-6150 In heavy sections where deep quench is requir 


medium or coarse grain is best. 















Medium carbon, high alloy steel. Used for heavy duty gears, axle shafts, hig 








S.A.E. 3240 stressed parts. Always fine grain when used 
S.A.E. 3330-3340 above parts. 

S.A.E. 3335 

S.A.E. 3440 

Cr-Ni-Molybdenum etc. 
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is also indicated by the fact that the double treatment gen- 
hows a stronger case than does the direct quench. With the 
treatment the case is quenched at a relatively low tempera- 






hich would produce the minimum of austenite as compared 





direct quench. The increasing strength with increasing depth 





wn by the double treated steels indicates the normal effect 





should be producted if no increasing internal stresses were 


veloped. It is interesting to note that in these tests that the fine- 
rained cases Showed improved properties as compared to the coarse 


in type, probably due to the inherent tendency for the coarse- 
ined type to localize stresses, which in material of such low duc- 









will result in variable and generally poorer properties as 
mpared to the fine-grained type. 

These results would indicate that for maximum case strength, 

louble or single treated fine-grained case is to be preterred 







the pot-quenched, fine- or coarse-grained. The effect of car- 





content, while not shown, is an important factor and increas- 





carbon, above eutectoid, generally results in decreased case 





eth, so that for maximum case strength the combination of 


bis & 


eutectoid carbon, fine-grained, and martensitic case is indicated. 






lable 1V shows the effect of the grain-size on the impact proper- 





ties of two medium carbon, water hardening steels. These were taken 
from commercial heats of steel which were water quenched to a 
high hardness. Steel B which was one of the coarse-grained type 
shows very high losses due to quenching cracks and could not be 
used commercially. Steel A gave no trouble and, when substituted 
for steel B, eliminated the losses due to quenching cracks. It should 
be noted particularly that with an identical Brinell hardness of 234, 
the Izod values on Steel A were approximately six times that of 
Steel B. This grade of steel is particularly sensitive to grain-size 
effects and since it constitutes a very large tonnage in automotive 
steels which are heat treated, the control of grain-size becomes of 
very great commercial importance. 

We must, in conclusion, warn against the tendency to use grain- 
size effects and steel-making variation as a scape goat for all varia- 
tions in heat treatment or machinability. The fact remains that 
uniform conditions in heat treating and processing a lot of steel are 

as important as ever, and when difficulties arise, a check up 

he heat treat department and other related processes is just as 


much in order as it was before the advent of the McQuaid-Ehn test. 
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Written Discussion: By Philip Schane, IJr., 
negie Steel Co., Pittsburgh. 


Duquesne \\ 














In reading Mr. McQuaid’s paper, it was interesting to 





note 











concluded that the cause ot grain growth restriction is not a dy) 





alumina or other refractory particles, as was formerly generally 








have also been of the same opinion for some time, due to the mat 


phenomena which cannot be satisfactorily explained by the dispers 








even when it is assumed that the dispersion is the product of 


i} 





reaction which takes place during cooling or solidification. 





Some years ago, it was found that tungsten, to which 








a sn 
ot thoria was added, when made into lamp filaments was not subj¢ 














setting.” This “offsetting” was caused by a coarse-grain structure. 








i some cases comprising the entire cross section of the filament. 





for the better results with the thoriated filament was the finer 





YTal 


obtained. Sometime later, it was found that these thoriated filam 














given certain thermal treatments, had a much higher rate of electron 
Dr. Langmuir, in published articles at that time, showed by mathemat 


culation and laws of physical chemistry that the electron 














emission 
was that which would occur if the surface was covered with a layer of 











one atom thick and he concluded that such was the case. To obtain tl 


ul 








electron emission, 1t was necessary to reduce some of the thoria by heat 





filament to a high temperature (2800° Kk.) and then diffuse a layer of tl 








to the surface by heating at a lower temperature (2100° K). 





When the cause of grain growth restriction was first investigated, 





concluded that the thoria particles were responsible for the grain-siz 





tungsten and that alumina (or other refractory material) particles caused 





size restriction in steels. The second of the above investigations, with ref 








to the surface film of thorium, was evidently not considered, although it 





necessary to change the unit of mass from the complete filament to a 





grain in order to consider the filament as made up of grains of tungstet 





of which was enclosed by a film of thorium, which film was effective 





venting grain growth until a certain high temperature was attained. 





it 











grain growth temperatures and grain-sizes with varying metalloid and 





contents of steels, the effects of preliminary working or treatment, et 





following is a statement of a theory of grain structure which seems to 
a satisfactory explanation: 








When steel is heated to temperatures above its critical range, recryst 








contains certain substances (elements, compounds, oxides, etc.) whose 





ities and rates of diffusion in the austenite vary with temperature. 

















aries and form intergranular films, enclosing the austenite grain and 





There are a number of observed phenomena which are difficult or imy 








ble to explain satisfactorily by the dispersion theory, such as the changes 


tion takes place and it is composed of fine-grained austenite. This aust 


| 


certain conditions, these substances diffuse or are rejected to the grain b 


inhibiting grain growth until such a temperature is attained as will caus 


DISCUSSION—McQUAID EHN GRAIN-SIZ1 1037 


rupture of this film and allow the grains of austenite to come in 
each other and grow to the size normal for the temperature. 
ibove theory is also very useful in explaining many other phenomena 
nperatures, such as “red shortness” in certain steels (copper, sulphur, 
tical temperature ranges in which steel cannot be successfully worked 
icking of other surtace defects, greater plasticities of certain steels 
temperatures, variations in machinability after certain treatments, 
etc. With slight modifications to include low temperature structures, 
ns are possible for blue brittleness, aging, etc. Space is not available 
iscussion for details. 
wide application of this theory to the explanation of experimental and 
data is very interesting. The evidence for it has been purely circum 
Further experimental work must be done to establish it. 
\. GROSSMANN:’ | am tempted to mention one point in regard to grain 
aud hypereutectoid cementite which Mr. McQuaid brought up. Of 
the interference with grain growth by hypereutectoid cementite can take 
ly in steels which are hypereutectoid before the McQuaid-Ehn test, as 
low carbon steel is carburized at 1700 degrees Fahr. for a number of 
he hypereutectoid cementite which we see when the sample is cooled 
is of course in solution at the carburizing temperature and does not offer 


nce to grain growth. 


Author’s Reply 


| appreciate very much the comments of Mr. Schane since they indicate 


here are others who feel that the usual explanations of grain genesis 
wth do not completely cover the existing facts. While it is difficult, 
rse, at the present time to do more than speculate on the reasons as to the 
le grain growth ranges in different heats of steel, it is at least interesting, 
doubt this field will be subjected to some very interesting research in 

ir future. 
regard to Dr. Grossmann’s comment as to the effect of the hypereutectoid 
n grain growth, it might be stated that the point which he brings out as 
e uniform solution of carbon in the austenite at temperatures above the 
is been often stated, and if we are to believe the text books, is, without 
ubt, true. It was merely intended to bring out that in spite of this com- 
accepted assumption that the carbon is uniformly distributed in the 
ite in the carburizing temperature range and therefore should not affect 
rain-size on cooling, that the hypereutectoid zone in the plain carbon steels 
d coarsening at a range considerably above that of the core or gradation 
Since the important difference between the hypereutectoid zone and the 
in the percentage of carbon, it is felt that the carbon content is directly 


rectly a factor in restricting grain growth in the fine-grained steel. 


earch metallurgist, Illinois Steel Co., South Chicago, IIl. 





EFFECTS OF McQUAID-EHN GRAIN-SIZI 
ON THE STRUCTURE AND PROPERTIES OF § 


By PHILIP SCHANE, JR. 


Abstract 


This paper discusses generally the different cha) 
teristics and properties of grain size controlled steels 

A more particular discussion is made of S.A.E. 1 
forging steels and data are presented to illustrat, 
widely different characteristics and properties of st 
of inherently coarse and fine grain types. 

The influence of mixed grain on the physical pro} 
ties and the desirability of a uniform structure at the | 
treating temperatures, which can only be obtained b 
control of grain-size in steel manufacture, is clearly dew 
onstrated. 


ipo symposium on “Grain Size” is significant of 
portance now attached to this extremely interesting p! 
steel metallurgy by both consumers and makers alike. On 
versant in a general way with the steel arts might be pardon 
inquiring why greater interest and special effort had not 
directed to this subject before. This question might be answer 
in general by referring to the fact that competition has becony 


increasingly keen among steel users in all lines and demands {or 


better quality at lower costs have raised quality standards an 


increased manufacturing tempo. The speed and requirements 
many operations have been increased to such extents that the raw 
materials must be uniform in quality within very narrow limi 
perations are no longer planned nor parts designed to permit 
the use of occasional heats which might come outside these r 
stricted ranges. 

In order to meet the increasing demands for greater uniformity, 
steel manufacturers have done a vast amount of investigational work 
of the many details of manufacturing practices and have made much 
progress, especially in control of grain growth tendencies in the steel 

\ paper presented as part of the Grain-Size Symposium of the Sixteent 
\nnual Convention of the Society held in New York City the week of October 
1, 1934. The author, Philip Schane, Jr., a member of the Society, is Metal 


lurgical Engineer of the Duquesne Works of the Carnegie Steel Co., Pittsburg 
Manuscript received September 6, 1934. 


1038 

















GRAIN-SIZE AND STRUCTURE 1039 
rocess and in adapting these controlled steels to the con 
ses and requirements. 
1¢ steel making process, the control of grain size tendencies 
ndant properties have been thoroughly investigated, and 
ts of the various practices have been determined. As is now 
known, grain growth tendencies are inherent in the steel 
yhen cast and are controlled in the steel making process by 
practices, deoxidation and additions. At the present time, 
ins to obtain the desired characteristics and uniformity of 
3 are known and the more progressive steel companies have 
ree corps of metallurgically trained men to control these practices 
lso to develop and investigate new steels. 

(he demands of the customers have also made necessary ex 
tensive investigations by steel makers in order to determine the 
roperties of these controlled steels and adapt them to their cus 
mer’s use. Progress has been made to such an extent that, with 
i knowledge of the customer’s process and requirements, a steel can 
be furnished which will be the optimum for the purpose, unless the 
metallurgist is hampered by obsolete or unreasonably close chemical 

physical specifications, which were arrived at by empirical means. 
lt was only natural, when grain-size of steels was first consid 
ered, that the McQuaid-Ehn carburizing test should be used _ to 
classify the steels, as it was at the time the only test recognized 
tor the purpose of determining grain-size and normality. However, 
is further progress was made and more complete knowledge obtained 
regarding the mechanics of grain growth and its control, it became 
evident that, while this test was a useful tool, it did not furnish 
sufficient information to fully define the grain growth character 
istics and properties of the steel. In investigational work, other 
tests, usually for grain-size and hardenability of the uncarburized 
sample heat treated at various temperatures, are being used. 

\ large amount of experimental and service data has been 
obtained on these controlled steels in various grades, compositions 
and charactertistics, but, in order to illustrate the differences which 
exist between steels of practically the same chemical composition 

different grain growth tendencies, definite data are being sub 
mitted here on S.A.E. 1040 steels of the coarse- and fine-grained 
types classified by the McQuaid-Ehn test. This particular composi- 
has been selected for an example on account of its generai use in 


ng and heat treating processes, 
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epresentative Grain Structures of Carburized Tests of 
McQOuaid-Ehn Procedure Being Used lypes Include Co 
ximately the Same Composition and a_ Fine-Grained 
Manganese 


In lig. | are shown representative grain structures of carb 
tests of three types, standard MeQuaid-Ehn procedure being 
he types include coarse- and fine-grained of approximately th 
composition and a fine grained type of lower carbon and hi 
manganese. 

lig, 2 shows the microstructure of 1%&-inch rounds of « 
and fine-grained steels as rolled, the finishing temperature bein 
proximately the same in both cases (about 1800 degrees Fahr. ). 

In Fig. 3 are shown composite micrographs showing the actual 
grain-sizes of the coarse- and fine-grained types after normalizing 
at various temperatures from 1400 degrees Fahr. to 2000 degrees 
ahr. (760-1095 degrees Cent.). Normalizing was for one hou 
at the temperatures shown, the increment of temperature being 50 
degrees Kahr. 

In Fig. 4 are shown the fractures of l-inch rounds of coars¢ 
and fine-grained types, of the same heats as Figs. 2 and 3, as 
quenched from 1400 degrees Fahr. to 2000 degrees Fahr. (760-1095 
degrees Cent.). Fractures for each 50 degrees Fahr. temperatur: 


difference are shown. 


To further illustrate the differences in hardenability, harden 


ability curves are shown in Fig. 5 of coarse- and fine-grained steels 





and Fine-Grained 


Microstructure of 1%-Inch Rounds of Coarse 
Same in Both Case 


Finishine Temperature Being Approximately the 
| PI 


ahr.) 


same composition (same heats shown in Figs. 2, 3 and 


1) 
enched from various temperatures in the ordinary heat treating 
hese show the slight effect on the fine-grained type of wid 
tions in the ordinary range of quenching temperatures, as com 
with the much greater effects of the same differences when 
erain steel is used. 
6 and Table I show in graphical and tabular forms the 
parative physical properties of the coarse- and fine-grained 
of S.A.E. 1040 steel after normalizing for one hour at tem 
tures from 1400 to 2000 degrees Fahr. (760-1095 degrees Cent. ) 
100 degrees Fahr. intervals. 
lig. Z and Table Il show the microstructure (lOO X) and 


cal properties of the coarse- and fine-grained types of S. A. E. 


lO40 steel after annealing in an electric furnace. ‘The temperature 
steel was 1300 degrees Fahr. (705 degrees Cent.) for four 
hours, followed by four hours furnace cooling at 50 degrees 
per hour. The cooling was finished outside the furnace in a 
olled atmosphere so that at the end of thirty hours the bars 
cool enough to handle. It is interesting to observe the finer 
ture of the fine grain steel, its greater softness and higher 

t values. 
lig. 8 and Table III show in graphical and tabular forms the 


rative physical properties of the coarse- and _ fine-grained 
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Fig. 3—Composite Micrographs Showing the Actual Grain- 
Sizes of the Coarse- and Fine-Grained Types After Normalizing 
at Temperatures Shown. 
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Coarse 





Fig. 4—Fractures of 1-Inch Rounds of Coarse- and Fine-Grained Types, 
the Same Heats as Figs. 2 and 3 Quenched as Shown. 
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Fig Hardenability Curves on 1-Inch Rounds « S.A.E. 1040 ¢ 
and Fine Grain Steels 


Tensile 
SL ec gth 


Normelhzing Ternp., + 


Fig »— Comparative Physical Properties of Coarse and Fine 
(;rain ‘ 1040 Steel 


] 


types of S.A.Ie. 1040 steel after quenching in water at 70 degrees 
Kahr. trom 1400 degrees Fahr. to 1600 degrees Kahr. (700-87! 


degrees Cent.) by 50 degrees Fahr. increments and drawin; 


1050 degrees Fahr. (5605 degrees Cent.). Treatment was dot 


l-inch diameter rounds from which standard 0.505-inch test 
mens were machined. These curves show the increased du 


and much higher impact values of the fine-grained type. 
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Table | 
Properties of Coarse and Fine Grain S.A.E. 1040 Steel 





Physical 





arative 
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lig. 9 shows the physical properties of a coarse grain and 






two fine grain types of S.A.Ik. 1040 after heat treatment. One of 





the fine-grained heats, type C, is lower in carbon and higher in 





vanese than the other types. The surface hardness of the tine 





ned steels is approximately the same as the coarse-graimed type. 


\ 





ese curves also show the increased toughness of the fine-graimed 
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Fig. 7—Micrographs of Fine and Coarse Grain Types of S.A.E. 1049 Steel After 
100) 
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Physical Properties of Fine- and Coarse-Grained Types of S.A.E. 1040 
After Annealing 


\ ield Tensile 
size Point Strength 
14.430 77,140 
$3,930 75,500 
$5,430 74,890 
44,930 73,900 











Fig. 8S—Compfarative 


Steel. 





Treatment 


Coarse Grain Steel 


Ouenched 1400 
Ouenched 1450°F 
Ouenched 1500 
Ouenched 1550°F., 
Quenched 1600°F. 
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Klongation 


Brinell Izod 
Red. of Hardness Impact 
Area Surface-Center Ft.-Lhbs 
58.1% wae ciatt 22-19 
51.7% 159 149 aes | 


61.4% — eal 43.34 
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Properties 


Tensile Iz 


Fine Grain Steel (0.41 C., 0. 
Quenched 1400°F. 
Quenched 1450°F. 
Quenched 1500°F. 
Quenched 1550°F. 
Quenched  1600°F. 


76 Mn., 0.021 P., 










M. 
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Elongation In Ein. 














— wn 14AGL) 16) 
Normé!- 4X 45( ih 


? wintry Jor Of 
Quenching Temp.,% 








of Fine and Coarse Grain S.A.E 





Physical Properties of 1-inch Rounds 


Normalized at 1600 degrees Fahr., Quenched in Water from Temperatures Show: 


1050 degrees Fahr. 


Strength Elong. Red. of Impact Test 
sq. in. 8” -% Area Ft.-Lbs 


0.018 P., 0.029 S., 0.18 Si.) 


98,210 22.5 58.0 

115,620 20.5 56.7 ] 
116,870 20.0 55.9 23 
117,580 19.0 Shee 7 
119,600 19.0 53.3 ll l 








0.035 S., 0.21 Si.) 
101,850 26.0 63.8 65 8 
107,340 26.0 65.4 90 - § 
109,830 23.0 64.5 90 
108,890 23.0 64.8 79 - 8 
108,850 23.0 64.0 76 
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I Physical Properties of a Coarse Grain and Two Fine Grain Types of S.A.E. 


\fter Heat Treatment 


ig. 10 shows the results of an investigation to determine the 
cause of “dark spots” in tensile test fractures. It was shown that 
this condition and the accompanying low ductility are the results 
the grain-size of the steel in the “as-rolled’”’ condition, which 1s 
controlled by the finishing temperature of the steel as shown by 
lig. 2. The finer grain necessary to eliminate these “dark spots’’ 
can be more easily obtained by the use of a fine-grained type. ‘This 
ilso showed the necessity of control of the McQuaid-Ehn grain 
size and the finishing temperatures of steels to be used in the 
“as-rolled” or “‘as-forged” condition, in order to obtain the most 
desirable properties. 
Referring to Figs. 6 and 8 and Tables I and III, it will be 
d that where abrupt changes of properties are shown in the 
alized and quenched and drawn coarse- and fine-grained S.A.E. 
‘U0 steels, they are usually at the temperatures at which the grain 
ture is changing or where a mixed grain structure is present. 
shows very decidedly the influence of grain structure on the 
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Fig. 10—Results of an Investigation of “Dark Spots” in Ten 
sile Tests Showing the Effects of Finishing Temperatures and Re- 
sulting Grain Size. (See Table on Following Page For Physical 
Properties). 
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Physical Properties of Specimens Shown in Fig. 10 









r Mill 


properties and the desirability of a uniform structure at the 
iting temperatures, which can only be obtained by a control 
ustenitic grain-size in steel manufacture \lthough we have 
to present for the fine-grained type, it is evident that, in 
heat the 


re of this type are uniform, whereas to obtain this same con 


inary treating ranges, hardenability and grain 


in the coarser grained types it is necessary to go to much 
temperatures which are usually impractical (on account of 


decarburization, etc.) and produce less desirable properties 


ld seem that the optimum properties for most purposes are 


btained by the use of the fine-grained type in the composition 


sary to give the desired hardness characteristics and properties 


data submitted here should demonstrate to anvone asso 


with the use of steel the impossibility of working with stand 


‘he 


1 
| 
Ca 


it treating practices to close ranges of physical properties un 


rrain-size tendencies are controlled. Much of the trouble in 
production operations has been due to variations in the grain 
th tendencies of different heats, different parts of the same 


or even in the same forging or sample. 


Up to the time when the effects of grain-size were known and 


rolled steels were available, the natural reaction of the steel 
to the unexplainable variations in steel due to lack of grain-size 
rol, was to further restrict ranges of chemical composition, 


in many instances, were already too narrow. It is now pos 
to obtain improved and more uniform physical properties even 
wider ranges of composition and heat treating temperatures 
mployed. 

\Ilso, with this more thorough knowledge, it has been realized 
many of the special properties and the uniformity of some 
steels are not attributable to the alloys themselves, but to the 
ize and uniformity obtained by the use of these alloys and 
closer control exercised over the manufacturing practices 
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in producing them With this grain-size control and 
possible in carbon steels, lew fields have been opened to 1 
where only alloy steels were formerly considered satisfact 
Another feature of controlled quality steels is the pos; 
using practices which were formerly considered detrim 
steels of certain compositions. lor example, higher car] 
manganese steels of controlled types can be successfully « 
in water in sections which previously required quenching 


prevent cracking. In most cases the more rapid quench is « 







in obtaining more desirable physical properties. 
It was difficult to convince some users that fine-grain 


could be successfully case carburized to secure uniform | 





after heat treatment. It has been the opinion that nonuni 




























of hardness was due to the abnormality which 1s usually cor 
inseparable from fine-grained carbon steels. However, most 
skeptical have been convinced that not only can satisfactory « 
izing results be obtained, but the finished part made of fine 
steel will in most cases possess superior physical propertie 
less complex heat treatments. lor example, higher carbu 
temperatures are possible on account of the higher temperat 
at which grain coarsening occurs, thereby obtaining the desired dept! 
of case in shorter time. Also quenching directly from the box cai 
be substituted for double treatments in many instances, and _ bet 
case and core properties obtained. Besides, warpage, which 
important consideration in case hardened parts, 1s minimized 
With the ¢ontrol of grain-size and composition the steel manu 
facturer has at hand a means of meeting the specific requirement 
almost any particular tool or part and can control the depth of hard 
ness penetration within limits that would be impossible otherwis 
lf the most suitable steel is once developed for a particular applica 
tion, a proof test can be devised which will insure future shipments 
of steel fully meeting the requirements, without the uncertainty that 
formerly existed when only composition and other less compr 
hensive standards were used to determine the suitability of th 
material. The details necessary for the manufacture of the steel are 
known and their control eliminates uncertainties in the steel m 
ing process and makes possible the desired uniformity of pri 


FFECT OF McQUAID-EHN GRAIN-SIZE OF STEEL 
IN FORGING 


rH 


By W. E. SANDERS 


Abstract 


[he scope of this paper is to deal with the tinproved 
more uniform machinability accomplshed by the 

eater working or compressing of the steel in the proc 
ing of the forging; also, the study of the various grain 
racteristics in Steel effecting the density in the bar and 
developing of greater density in the forging. 

Density, as termed in this paper, is the elimination of 
he spongy appearance on the surface of a piece, when 
ut in two, polished and deep etched. By tts elimination, 
tests are shown evaluating the difference in machin 
ibility; also, durability is wmnproved by the reduction tn 
ear tooth growth and distortion when hardened, which 
nakes for better alignment and tooth surface contact. 
By virtue of the better alignment and denser material, 
pitting and granulations are eliminated, giving greater 
ficiency and longer life. 


ul 


‘| ‘HIS paper deals with the improved machinability and dura 


bility obtained in automobile transmission gears by so carrying 


process of forging, that the forging is subjected to the great- 
possible amount of work or compression; and also with the effect 
McQuaid-Ehn grain-size on the development of greater density 
rgings. The result of more work or compression on the forging 
ferred to as density. 
Porosity IN Derep-ETCHED ForGINGS 
Nearly every one having to deal with steels and forgings has at 
time or other cut pieces in two, polished the faces and etched 
, and after etching has found a number of tiny cavities or voids 
etimes called spongy metal) occurring at various places, some- 
more prominent at the center or core and at other times near 
urface. The location, nature, and extent of these voids or cavi- 
as brought out by the etch test, determines the degree of 
paper presented as part of the Grain-Size Symposium of the Sixteenth 
i| Convention of the Society held in New York City the week of October 
} The author, W. E. Sanders, a member of the Society, is metallurgical 
r, Delco Products Division, General Motors Co., Dayton, Ohio. Manu 


eceived July 5, 1934. 
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density of any torging. The author’s theory is, substant 
in forging it is possible to produce internal slipping or tea 
fibers in the steel. This slipping, or tearing, is indicat 
voids or cavities brought out by acid etching. Some previ 


on the subject attribute the general porosity in etched 


L¢ 


tions entirely to the quality ot the steel, this quality ben 


mined by the amount and nature of the nonmetallic s 
present. With this thesis the author cannot entirely agree, 
we recognize that sulphur and other impurities existing in 
to too great an extent will make the grain-size appear ¢ 
open. In addition to this, however, the author is endeay 
bring out the fact that the largest percentage of openness o1 
ness is due to torn fibers; also, that there are some stee!] 
same analysis containing approximately the same amount 
metallic impurities, which after proper forging do not s| 
porosity. 

Having observed a large number of etched forgings 
the porosity or density was almost negligible in some, and quit 
nounced in others, tests were made in which these conditio: 
found to be associated with the variables in machinabilit, 


machine shop. 


Ke LIMINATIONS OF TEARING OF THE FIBERS IN STEEL D1 
FORGING 


Density, as we term it, results from the elimination of th 
ing of the fibers during upsetting or forging. In working the 
we must first bear in mind that in reducing or upsetting the met 
too much in one pass, the fibers will be broken, as in a tensil 
before the internal structure can adjust itself to the move: 
\iso, in the working of the steel, flow takes place within the gt 
and there must, be movement at the boundaries, accompanyin: 
internal movement of the grain. This integranular movement 
be greater or less, according to the irregularities or nonunitort 
of the internal flow. When these irregularities are great, ruptures 
will occur either at the boundaries or through the grain, and the | 
terial will show voids or cavities upon etching. 

Gough’ in his work, on “Crystalline Structure in Relatio: 

1The 1933 Edgar Marburg Lecture sponsored by the American Society for 

Materials and the Engineering Section of the American Association for the Adva 
of Science. The lecturer was Herbert John Gough, F.R.S., superintendent of eng 


department of the National Physical Laboratory, Teddington, England. His subj 
“Crystalline Structure in Relation to Failure of Metals—Especially by Fatigue 
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ff Metals—Especially by Fatigue,” makes the following 

‘Much greater interest attaches to the very accurate ce 
ms of the changes in density which took place during the 
tressing. The density of the material in the form of the 


(71any grains ) definitely decreased by amounts varying 


37 to 0.100 per cent of the original value, while that of the 


rystals remained unchanged. These results, which are in 
nt with results obtained by other workers using’ static 
,, suggest that the decrease in density of metals due to cold 
narks an effect which is confined to the neighborhood of crystal 
ies where no such boundaries are present, as in single 


s, changes of density do not occur.” 


loRGING ANNEALED BARS TO INCREASE THE DUCTILITY OF 
THE FIBERS 


With these theories in mind, our attention was drawn to tlic 
of the steel prior to forging for its characteristics that might 
luce more ductile fibers, thus promoting flow of the metal with 
ring. 
his suggested experiments having as their object a coarsening 
structure of the forging bars prior to heating for forging. It 
s decided to accomplish this by annealing at high temperatures. 
of G.M. 5150-A* steel was selected which had a medium 


wa 
Wa 


va 
structure in the rolled condition. It was then cut into twelve 
ths suitable for making the same kind of forgings. Four of the 
; were forged as received and the balance annealed by furnace 
after soaking for one hour at 1650 degrees Fahr. (900 de 
Cent.). Half of these forging lengths were then upset into 
rgings like those which had been produced from the original bar. 
remaining pieces were then reannealed by furnace cooling from 
0 degrees Fahr. (955 degrees Cent.) after soaking one hour, and 
‘then upset into the same kind of forgings. Microscopic spect 
prepared from the bars in each group before forging, showed 
tructures to have been coarsened considerably after each anneal. 
[he three groups of the forgings were then cut and etched. 
| examples of each group are shown in Fig. 1, A representing 
ructure of the forging made from the untreated bar; B, after 
st anneal; and C, after the double anneal. It will be observed 
M. 5150-A Steel is similar to S.A.E. 5150 Steel. The composition range is 


( Mn P (max.) S (max.) a. cr 
+8-0.53 0.60-0.90 0.040 0.050 0.15-0.30 0.80-1.10 
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cidec 


nne- 


the 


agall 


Fig. Sectionalized Forgings Deep Etched. 
f Structure As-Forged from Untreated Bar. 
B—Structure As-Forged After First Anneal. 
C—Structure As-Forged After Double Anneal. 
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s figure that there is a progressive decrease in the amount 
ibers trom A through to C, and a like increase in the con- 

the flow lines. The increased density of forgings B and 
it necessary to etch them ten minutes longer to bring out the 
s. This experiment is significant in that it suggested that a 
tructure has more ductile fibers, leading to further study of 


is which are inherently coarse-grained. 




























CTERISTICS OF INHERENTLY COARSE AND FINE GRAIN STEELS 





We must remember that all steels have what is known as ‘fiber’ 

a greater or less degree. A steel made fine-grained, according to 
the McQuaid-Ehn test, 1s usually more fibrous, or rather the fibers 
ie finer and shorter, than a steel that is made inherently coarse- 
crained, assuming that both steels are poured into the same size 
ingot. The fine-grained steel, when given the same heat treatment 
is the coarse-grained steel, will show approximately the same values 
for tensile strength and elastic limit, but decidedly superior ductility 
values in the static test piece taken longitudinally to the direction of 
rolling. The dynamic test piece machined longitudinally to the di- 
ection of rolling and broken across the fiber or grain will show de- 
cidedly superior values under impact for the steel made inherently 
fine-grained. When, however, a static test is made transversely to 
the direction of rolling, the tensile strength and elastic limit are 
again approximately the same, but the ductility values as shown by 
the elongation and reduction of area are now decidedly greater in 

case of the steel made inherently coarse-grained. ‘The transverse 
impact piece machined transversely and broken parallel to the direc- 
tion of rolling will show much better resistance to shock in the case 
the coarse-grained steel. In the upsetting of gear forgings, the 
steel is subjected to severe transverse stress. 

The work of Charpy and others has shown that excessive re- 
luction from the ingot to the bar lowers the transverse test values 
1 steel, especially the dynamic test values. One of the reasons that 
crucible-melted steel performs better than a similar grade of steel 
cast ina larger ingot is that with a smaller ingot a more uniform 
nd quicker freezing occurs with smaller dendritic growth and a 
more uniform distribution of carbon, etc. The smaller the ingot, 
the fewer and also shorter will be the number of fibers in a bar 
rolled from that ingot. Also, the larger the ingot, the more is the 





od of the nonmetallic particles, carbides, etc., being thrown 


rTIONS OF THE . 


into the center before freezing occurs. It seems, therefore, that tl 
quicker freezing occurs in the ingot, the more uniform will be th 


fiber condition from skin to center of the bar and the more unifor 
will be the density of the bar. 


FoRGING AS RELATED TO McQuatp-EHN INHERENT GRAIN-SizEs 
IN STEEL 


With this knowledge at hand, arrangements were made wit! 
the steel companies to furnish a few bars of different steels, having 
inherent grain-size ratings varying from 4 to 9. The heats for pro 
ducing these bars were poured into various size molds, rang 
in ingot sizes from 12 to 28 inches, all molds being of the Gat! 
mann type. 

These bars were rolled to the same diameter and upset 
disks in ratios to the bar—from 1% to 1, in one-half inch steps, wy 
to 7 to 1. It was noted in these tests, which were made from G.\ 
5150-A steel, that the coarse-grained steels, by virtue of greater du 


— . ° ° : 1 -_ 
tility and longer fibers, showed less tearing in the upsetting. Lo! 


tearing, less continuity of the fibers or more porosity was obtain 








GRAIN-S1Z1 





IN 


setting of the finer-grained steels. 


FORGING 





STEE] 





ms 
105, 





In these experiments the 


+ grain, molded into a 19 inch ingot of the Gathmann type, 


he greatest amount of density when etched. 


s from this ingot size having MeQuaid-[hn ratings of 4-6 


ere used for upsetting a cone on the end of the bat 


; 
i 


id-Ehn rating being the only variable, are shown in Fig 


~ 


be noted that A is very coarse, Or Open and was upset fre 


hese 


the same analysis and upset at the same temperature, the 


) 


11) 


id-Ehn number 7, while B is less coarse, or open, upset from 


6. while C 


upset 


from number 


tity of the fibers, affording greater density. 


4 shows evidence ot 


wore 


Counter gears with pierced holes were also upset from this 


same group, with the repetition of the results shown in the disk and 


a 
I 


erlments. 


in the piercing, in favor of the coarse grain steel. 


In this experiment a marked difference was also 


The due 


lity of the fibers of the coarse-grained steel not only makes it pos 


sible to obtain greater density of the metal in upsetting, but also per- 


( 


RKecognizing 


piercing 


of smaller holes of greater depths or lengths. 


that the development up until this time on dense 


vweneous structures had continually resulted in increased ma 


bility and durability, while specimens continued to show some 


inute cavities or voids upon etching, it was felt that some furthe1 


sh vuld be made to see if these voids could be entirely 


cl 





| 


} r 
At 


nd if SO, 


HicH 


‘TEMPERATURE DIFFUSION 


{x PERIMENTS 


whether still greater machinability could be 


elimi 


al 


the reasons just stated, attention was called to the work 


hiwara® on diffusion of metals at high temperatures, which 


sted a research on the forging of diffused materials. 


In these 


riments, eighteen cycles were run at different temperatures be 


2370 and 2500 degrees Fahr. (1300-1370 degrees Cent). The 


iter being cut to forging lengths were sealed into tubes of 


resisting material by welding a disk over each end of the tube; 


was done to prevent a reduction of the bar size by oxidation. 


tul 


es were th 


en put 


into a 


small 


furnace 


which 


Was 


auto 


lly controlled and heated to the different temperatures, and 


nt 


iujero Ishiwara, 


nd 


1 their 
sendai, Japan. 


these temperatures from one to three hours and cooled at 


rates. 


Diffusion 


The 


Effect of 


Impurities on the 


Dendritic 


at High Temperatures,’ Science Reports, 


Structure in 


Tohoku 


Imperial 


One of the experiments carried a cycle of heating 


Carbon 


Uni 
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to 1750 degrees Fahr. (955 degrees Cent. ), holding for th: 
after which it was cooled to 1200 degrees Kahr. (650 degre 
at the rate of 100 degrees ahr. per hour, reheated to 2371 
Kahr. (1300 degrees Cent.), held for three hours, and 
1200 degrees Fahr. (650 degrees Cent.), at the rate of 10( 
‘ahr. per hour and discharged from the furnace for furth: 
in air. This cycle was significant in that the McQuaid-E] 
size had changed (in addition to the structural grain) fr 
inally 4-6 to a definite 3. It remained unchanged aiter nor 
the second time at 1650 degrees Fahr. (900 degrees Cent. 
cycle was repeated, with the result that the grain-size had i 
the same as before, and after the sixth normalizing, the ¢ 
still remained coarse; and even in the third and fourth nor 

the grain-size tended to coarsen even more, and remained 

the fifth and sixth normalizing where it became a point « 
finer, but never returned to its original size. 

In the cycle just explained, it was found that the chang: 
inherent grain-size occurred when cooled from 1950 degrees Fah 
(1065 degrees Cent.), and if the heating was continued to 
2000 degrees Fahr. (1095 degrees Cent.) before cooling no chang 


was effected. Therefore, from this experiment, in this particu! 


steel, there seems to be a transformation point in the inherent grain, 
when heated and cooled in the range between 1950 and 2000 degrees 


Kahr. (1065-1095 degrees Cent.). 


Other cycles employed, increased the size of the structura 


grain, with no effect upon the inherent grain. From each of these 


cycles, the bars were forged into counter gears, which were cut 
half and etched. All of the forgings from these heats displayé 
greater density. The density of the forgings was greater when ma 
from the bars displaying increased growth of the inherent grain. 


Billets were also diffused at the mill, some of which were rolled 


into 17% inch round bars, which later were upset into 5 incl 
diameter disks 1 inch thick. Specimens were taken from the billet 
bar and forgings, before and after diffusing, for physical tests, t! 


results of which are shown in Table I. 


FoRGING PRocEss AND Its EFFECTS 


We must also bear in mind that in addition to the effects 0! 


grain-size in forgings*, there are many variables in the actual forg 


Ontario, Canada, June 29th, 1932. 











‘The author’s paper on “Researches on Steels and Forgings for Greater Density, M: 
chinability, and Durability,” given before the American Society of Mechanical Engineers 
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Table I 
son of Mechanical Properties Before and After a Diffusion Heat Treatment 
S.A.E. 5140 Steel 


Diffused 24 Hrs. 6”x6” Billet 


Vom 








Brinell 


Yield Ultimate Elong. 2” R.A. Izod Tensile Izod 
20,000 136,000 14.0 40.4 29.0-27.5 285 269 
] 113,000 130,500 20.0 59.1 63.5-65.0 277 269 
















Diffused 3 Hrs. 6”x6” Billet 


117,000 133,500 15.0 37.9 28.0-27.0 277 269 
115,000 132,000 20.5 62.1 65.0-63.5 285 269 









Not Diffused 6”x6” Billet 


rse 117,000 133,500 15.0 35.7 24.0-24.5 277 269 
117,000 133,500 20.5 62.1 69.5-65.5 277 269 

















Diffused 24 Hrs. and Rolled to 174” Round 
123,500 139,000 22.0 60.8 62.5-59.0 285 285 





1%” Round Upset Series 

Inch Lengths of 1%-Inch Round Upset to 5-Inch Diameter Disks 1 Inch Thick 
Upset Bars—Diffused Afterwards 

Reduction 


No Yield Ultimate Elongation Area Izod 
113,000 130,500 18.5 57.3 40.5-44.0 
113,000 131,000 5 56.8 45.0-40.0 











Diffused Bars—Upset Afterwards 


3,000 131,000 17.0 Dist 40.0-41. 
3,500 132,000 18.5 Jae 29.0-31.0 


Jt 


11 
11 





Upset Bars—No Diffusion Treatment 


112,000 127,500 17.0 53.6 35.0-37.0 
113,500 131,000 E79 51.4 36.0-44.5 

















ing process which affect density. These alone, if corrected will im- 
rove machinability and durability to a great extent in any grain- 
size specification. They are not difficult to control when specifica- 
tions are made to cover all of the variables. I[*irst, the steel should 
be purchased on density and grain-size specifications, in addition to 
the chemical specification. Second, the forging dies must be de- 
signed to effect maximum compression on the metal in the forging. 
Chird, the furnaces should be of a design that will insure uniform 
temperature throughout. 

\t the beginning of the research, forgings were being made 
without any temperature control, as low as 1800 degrees Fahr. 
980 degrees Cent.) to a maximum of 2000 degrees Fahr. (1095 
s Cent.). Temperatures were at once increased to 2050 to 
legrees Fahr. (1120-1175 degrees Cent.) using optical pyrom- 
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Structure of ‘ep Etched Forgi ‘hi 
cture of a Deep Etched Forging Which Had Good Machining Qualities 
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control. Improvement in machinability and structure was 
th this increase in temperature, producing structures com 
» Fig. 3. With the evidence at hand on coarse grain and 
Its of the high temperature diffusion, research on forgings 
it higher temperatures was suggested. 
t forgings were forged at 2200 and 2300 degrees Fahr. 
1260 degrees Cent.), using material having a number 4 
e rating. These forgings when cut and etched showed a 
homogeneous structure, and were equivalent to the forgings 
from diffused material. From these results, forging tem- 
res were increased for production from 2200 to 2300 degrees 
(1205-1260 degrees Cent.) and machining performance was 
rable to that obtained on diffused material. The evidence 


t hand up to this point was developed on open-hearth steels. 


MACHINABILITY TESTS 


One of the tests, of which quite a number have been made, is one 
shown in the photomacrograph Fig. 4, No. 1, and Fig. 5, No. 2. This 
test was made on pieces taken from a dense structure and one not 
uite as dense as shown by the deep etch, to evaluate the difference 

machinability. These pieces were taken from two clutch gears 
it locations shown in photomacrographs) and prepared by being 

ind ground into Y%4-inch square cubes. They were taken from 


longitudinal and transverse sections of the stem or original bar 


nd from a section in the forging. The test was run by placing a 


rmocouple in the piece to register the heat generated at the point 
the drill by drilling to a uniform depth with a uniform pressure 
drill in each piece. The percentage of difference in machin 
is shown by the milli-volts generated in the thermocouple. 


Milli-volt Readings Taken in Forging No. 1 and No. 
Longitudinal Sections of the Stem 3.66 3.94 
Transverse Section of the Stem 4.04 4.27 
Section from the Forging 4.04 4.53 
Difference in Per Cent Between Sections 

Longitudinal of Stem and Forging 8.8 13.0 
Transverse of Stem and Forging 0) 5.6 
Longitudinal and Transverse of Stem 8.8 7.8 
Difference in Per Cent Between Forging No. 1 and No. 2 
Longitudinal of the Stem 7.0 

Transverse of the Stem 5.0 

Section in the Forging 11.0 


\nother test on dense and porous forgings, similar to the 


gs shown in Fig. 4 and 5, except that the difference between 
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Fig. 4—Sectionalized Dense Structure Forging Used in 
Machinability Tests. 
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Fig. 5—Sectionalized Less Dense Structure Forging 
Used in Machinability Tests. 
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the dense and porous was greater as indicated by the etch 
by a ditference of 22 per cent in the thermal measuring 
taken to the University of Michigan for further check. J 
put on a drill dynamometer indicating torsion and _ pres 
constant feed. 

In drilling the porous forging the torsional indicat 
vibrated considerably (from 7 to 10 points ), and showed 
cent greater torsion than shown when drilling the dense 
When drilling the dense forging the torsional indicator | 
very steady, only vibrating from one to two points, with 1 
sure indicator showing approximately the same in both forg 

A similar test, which more or less confirms the drill dy: 
eter, was run on a drillpress with a polyphase graphic \ 
connected in the motor circuit. The drill was arranged fo 
dense and porous forgings, with the same speeds and constai 
matic feed; the results of which are shown in Fig. 6. It 
noted from the chart, the porous material not only requir 
power, but slowed down the motor to the extent of requiring 
time to complete the operation. The additional time and w 
averaging 26.3 per cent in favor of the dense forgings. 

From these findings and evaluations, one may appreciat 
possible increased machinability in the bar, if selected for de 
homogeneous structure. One manufacturer reports increase feeds 
and speeds with a tool saving of 58 per cent by purchasing sel 
material. 

Open HEARTH AND ELECTRIC STEELS 


Evaluating the difference between open-hearth and _ electri 


furnace steels, let us refer to Figs. 4 and 5. Number one was 


forged from G.M. 5140-A* electric furnace steel, received 
accepted as good dense structure in the bar. Number two was 
forged from G.M. 5140-A open-hearth steel, received and accepted 
as a fairly dense structure in the bar. The forging when cut and 
etched showed a structure density comparable to the bar when 
erly forged. Bars of good dense structure may be improper!) 
forged (showing porosity when etched) causing a decrease 1 
machinability. Also a bar of poor structure cannot be forged t 
greater machinability than obtained from the bar, and more 
it will not equal the bar. Incidentally, it is these variables, tl 
many times necessitate forgings to be made of higher priced stee! 

*“G.M. 5140-A Steel is similar to S.A.E. 5140 Steel. The composition range 1s 

( 


Mn P (max.) S (max.) Si Cr 
0.38-0.43 0.60-0.90 0.040 0.050 0.15-0.30 0.80-1 
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certain amount of evidence is at hand which indicates that 
furnace steels will run more consistently dense than open 
steels. This to a certain extent automatically produces a 
homogeneous structure when forged. Also, there is a cer 


mount of evidence which indicates that forgings made from 





_ Doro c 
Orou*”n 


; Foroing 
POs 
, y 


a 


! f Tests Made on ( and Dense Forgings by Means of a Poly 
ttmeter,. 


~ 


tric furnace steel, comparable to the bar shown in Fig. 4 No. 1, 
due to porosity from improper forging, show a decrease in 
hinability of from 20 to 40 per cent after forging. It may also, 
ud that Fig. 5 No. 2, in the bar is comparable to the maximum 
ty that consistently may be expected from commercial open 


practice. There is also further evidence at hand which in- 


tes that Fig. 5 No.2 forging could have been forged to approxi- 


y 5 per cent greater density, or comparable to the bar. ‘There 

if the steels are received and forged to obtain maximum den- 

of open-hearth practice, then from this test 5 to 7 per cent 
r machinability can be obtained by using electric furnace steel. 


here is also a certain amount of evidence, whether made in 
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the open-hearth or electric furnace, that the coarse-grair 
are fundamentally cleaner with less nonmetallic film mate; 
the finer grain steel and consequently more uniform. Th 
one of the fundamental reasons that preference was 9 


coarse-grained steel for dense homogeneous structure. 


IMPROVED MACHINABILITY AND DIsToRTION 


By correcting the forging practice, an improvement 
chinability may be expected from 15 to 50 per cent, depen 
the operation. Speeds and feeds may be increased from | 
per cent and tool life increased in like proportion. 

‘To a gear manufacturer there are other things of ma 
portance besides machinability, that is, changes in the heat 
ment. If these changes can be controlled and made unifor 
change in cutting can be allowed for and becomes of littk 
quence, 


With a dense homogeneous structure, distortion becomes 


More 
uniform in hardening, enabling accuracy of spacing maintained o: 
hobbing machines within 0.0002; contour within 0.00025, and 
when the pieces return from the fire you can expect 0.0004 to 0.0005 


inch change in contour and no apparent change in spacing. 
checks being made with teeth marked and starting from same | 
tion, carrying through in the same direction. The gears going 
the hardening department with concentricity of less than 0.001 
turn with 0.0015 inch. With the control maintained on the steel 
and forgings, it is a simple matter to correct the hob by grindin 
more or less rake in the cutting face, thus compensating for th 
regular fire distortion. 

Durability is likewise effected by the reduction in tooth growth 
and distortion, which makes for better alignment and tooth surface 
contact. 


CoNCLUSION 


In this development it has been found possible to produc 
denser forgings, in which slipping and tearing of the fibers are 
minimized by employing a steel of a specified grain-size and struc 
ture, accurate forging temperatures, and specially designed dies to1 
controlling the flash to insure greater compression of the forging. 

It is recognized, however, that in carburizing steels, where th 
carbon is usually low, the inherent grain-size is not so important 
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uld not be coarser than a number 5 for good case refine- 
ith the use of ordinary treatment. 

th the evidence at hand, of the effect of mechanical work- 
ng concentrated at the grain boundaries, it is hard to avoid 
clusion that the manner of hot working the steel has some 
» do with the density of the material at the grain boundaries. 


ry the speculation further, the forging of large-grained struc 


would be preferable because they would contain fewer grain 


ries along which density changes could take place. ‘This in 
tation would merely be transferring the same thought from 
tion of a uniform change in density throughout the structure 
meentrated change in density occurring only in the region of 
crystal boundaries. 
With this in mind, the object of a properly controlled forging 
would be to cause as little disruption as possible of the more 


| 
stable material at the grain boundaries. 


DISCUSSION 


Written Discussion: By Frederick G. Sefing, Michigan State College, 
Lansing, Michigan. 
writer wishes to draw attention to the author’s statement that the 


7 


test bars broken across the fibers are superior when fine-grained and 
broken parallel to the fibers the coarse-grained shows superiority. Al 
h gear forgings may well be made with coarse-grained steels, as_ the 
shows, the common run otf forgings require fine-grained steel (about 
MecQuaid-Ehn) in order that the longitudinal test bars show maximum 
ss. It is obvious, therefore, that the author’s specifications cannot be 
| at present to the latter class of forgings. 
e writer has observed, however, that the impact values of forgings do 
ir a close relation to the inherent grain-size. Izod bars were prepared 
eight different heats of S.A.E. 1045 steel all having a grain-size of 4 
Quaid-Ehn). The test bars were machined from 34-inch bars forged from 
and hardened and tempered without normalizing. The impact values 
trom 37.75 to 62.75 foot pounds. 
he author refers to a uniform compression of the steel during the forg 
ration, which results in a denser structure and obviously more uniform 
ties of the forging. However easy this may be in the class of forgings 
lained by the author, yet tearing and lack of uniformity is apparent in 
set rim of Fig. 3 of the paper as compared with the large center sec 
In the shaping of larger pieces and particularly forgings of varying 
ss the desirable dense and uniform steel would be a remarkable teat 


temperature in any forge shop. Uniformity of metal structure and of 
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physical properties of the common forgings, therefore, are a dif 


plishment in modern shop practice. 


The author’s paper shows unusually low distortion of the m: 


ings during hardening. In a series of experiments by the writer. 


1045 steel, the distortion was observed to be considerably great 


results presented in the author’s paper. Furthermore, inconsiste: 


volume changes were prevalent as a result of heat treating the 


These variations were found to be of the same order of magnitu 


samples cut from the same bar as between the different steels 
change upon normalizing 2™%-inch diameter bars, forged from billets 


()2R per cent expansion to 0.76 per cent shrinkage between steels 


0.08 per cent shrinkage to 0.76 per cent shrinkage between differ 


i ¢ 


from the same bar. The change upon hardening and tempering t! 


ized bars was from 0.07 per cent shrinkage to 0.35 per cent expansi: 


steels and from 0.07 per cent shrinkage to 0.24 per cent expansi 
samples from the same bar. It is to be noted that still greater variat 
been observed as a result of hardening and tempering the 


lhirtv-seven heats of S.A.E. 1045 steel gathered from 


a 
various soul 
investigated in the writer’s experiments. The grain-size ranged fro 


(McQuaid-Ehn). In these volume determinations by the writer p. 


were taken, of course, to keep the scaling effect to less than 1 of 
to be measured. It is to be borne in mind that the writer's results 
tained after studying only 37 heats of one grade of steel and that the 
tions of this work are being confirmed by additional tests. 

In the writer’s opinion, therefore, the use of the McQuaid-Ehn 
of steel as a guide to forging qualities is for the present at least very 
The writer’s results indicate moreover that no grading of forging steel] 
normality or grain-size can be used in the present state of the art 1 


L( 


the subsequent volume change. 
lhe author is to be commended for setting before the forging 


a new ideal for producing parts of improved properties, and a means 
complishing this ideal in one class of forgings. 





INFLUENCE OF GRAIN-SIZE ON THE HIGH TEMPERA- 
rURE CHARACTERISTICS OF FERROUS AND 
NONFERROUS ALLOYS 


By A. E. WHITE AND C. L. CLARK 


Abstract 


This paper gives results which show the influence 
hoth the McQuaid-Ehn (inherent) grain-size and the 
ain-size as produced through heat treatment (actual) 
the high temperature characteristics of metals. For 

inherent grain-size studies two ferrous alloys were 
sed, one of which contaimed 0.50 per cent molybdenum 
d the other 0.25 per cent molybdenum-1.25 per cent 
anganese. For the actual grain-size investigations two 
nferrous alloys of the copper-zinc-tin type were used 
ich differed in the amounts of copper and sinc which 
y contained, 

The influence of inherent grain-size was determined 
tensile and Charpy impact tests at both room and 

vated temperatures and by creep tests at S00, 1000 
md 1200 degrees Fahr. (425, 5 10), 650 degrees Cent.). 
Results are also given from tests conducted on the com 
leted creep specimens for the purpose of determining the 
tructural stability of these alloys under the given test 
mnditions. 


[he tests on the nonferrous alloys were limited to 
tensile tests at room and elevated femperatures and to 
creep tests at temperatures of 300 to 600 degrees Fahr. 


7 question of grain-size is one which 1s receiving a large 
amount of attention at the present time. Very little information 


is available in the literature, however, concerning the effects of this 
or on the various high temperature properties of metals. Yet, 
theoretical considerations, it is believed that grain-size should 
exert an appreciable influence on the high temperature behavior 
of metals and, especially, insofar as the creep characteristics are 
concerned. 


\ paper presented as part of the Grain-Size Symposium of the Sixteenth 
| Convention of the Society held in New York City the week of October 
The authors are members of the Society and are respectively, Director 
gineering Research, University of Michigan and Research Engineer, of the 
lepartment, Ann Arbor, Michigan. Manuscript received June 29, 1934. 
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In this connection two types of grain-size are to be c 
One is that grain-size which is revealed through the McQ 
test and which ts often designated as the inherent grain . 
the second is the grain-size produced through heat treat; 
which is often called the actual grain-size. 

In this paper both types of grain-size will be conside1 
the MeQuaid-Iehn, or inherent, grain-size investigation, 
steels of the pearlitic type were used, one of which wa 


molybdenum type and the second, a manganese-molybde1 


Table I 
Chemical Composition, Heat Treatment, Brinell Hardness and Grain-Si 
of Two Alloy Steels 


Composition Heat Treatment 
Nin Si Mo Deg. Fahr 


0.30 Ann, 1550 
0.23 ; Ann. 1550 
0.29 4 N. 1725, D. 1200 
0.19 2 N. 1725, D. 1200 


lor the investigations to determine the influence of actual grai: 
or grain-size as produced through heat treatment, two nont 
alloys were used. ‘The nonferrous alloys were chosen fi 

reasons. First, a wide range of grain-sizes may be readily obt 
and second, variations in grain-size are not accompanied by 
structural changes. When the grain-size of ferrous alloys is cl 
by means of heat treatment, certain other structural chang: 
also occur, especially in regard to the type or distribution 

pearlite. 

McQuaip-EHN (INHERENT) GRAIN-SIZE 


Two alloy steels were considered in this investigation, both of 
which contained approximately the same carbon content and ditter 
in that one contained 0.50 per cent molybdenum and the other 1.25 
per cent manganese-0.25 per cent molybdenum. The chemical con 
sition, heat treatment, Brinell hardness and grain-size of these st 
are given in Table |. All four steels were made in an electri 
furnace and were obtained from The Timken Steel and Tube ‘ 
pany. The necessary specimens were machined from 1-inch 
rods and the heat treatment was done prior to machining. 


The steels were subjected to short-time tensile and Cl 


impact tests at room and elevated temperatures and to creep tests 
at 800, 1000 and 1200 degrees Fahr. (425, 540, 650 degrees Cent 
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TENSILE TESTS 


rt-time tensile tests were conducted on these alloys at SO, 
» 1000, 1100, 1200, 1300 and 1400 degrees Fahr. (25, 400, 
595, 650, 705, 700 degrees Cent.). ‘The values considered 
le strength, yield stress, proportional limit, per cent elonga- 
inches and per cent reduction of area. ‘The yield stress 
ned as that stress which produces a permanent deformation 
per cent of the gage length and is obtained from the stress 
curves. The results obtained are given in Figs. 1 to 4, 
cach reported value is the average of two tests. 
stress-strain curves from which the proportional limit and 
‘tress values were obtained were determined with an optical 
ometer system which is sensitive to 2.8 millionths of an inch 
nch of 2-inch gage section. 
Strength Characteristics—Under this heading are considered 
tensile strength, yield stress and proportional limit values. The 
its obtained from the carbon-molybdenum steel are given in 
and those from the manganese-molybdenum alloy in Fig. 3. 
With both of these steels it 1s observed that the coarse-grained 
rials possess the maximum tensile strength values over the major 
tion of the temperature range considered. The difference be 
the two appears to be a maximum at temperatures of 750 to 
1000 degrees Fahr. (400-540 degrees Cent.). At the higher tem- 
tures, that is 1200, 1300 and 1400 degrees Fahr. (650, 705, 760 
legrees Cent.), this value is approximately the same for both grain 
es considered. 
In the case of the yield stress values of the manganese-molyb- 
enum steel, the coarse-grained material is again superior to the 
erained over the major portion of the temperature range with 
lifference between the two being fairly constant up to 1200 
es Fahr. (650 degrees Cent.) and being very slight at 1300 
100 degrees Fahr. (705, 760 degrees Cent.). With the carbon- 
lenum steel, however, a uniform difference does not exist be- 
en the fine- and coarse-grained materials. At temperatures from 
900 degrees Fahr. (25-480 degrees Cent.) the fine-grained 


ial is superior, while at temperatures of 1000 degrees Fahr. 


legrees Cent.) and greater, the coarse-grained steel possesses 
‘her value. 


either does grain-size produce a uniform difference in the 
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proportional limit values of these two steels. With the ma 


molybdenum alloy, the coarse-grained material is eithey eq 


greater than the fine-grained, but the difference between 


is im all cases slight. Wath the carbon-molybdenum steel. 


C ie 4 
FG FE OO 
C.G. 16 47 .& 


Tensile 


Fine Greined (8/ 
Coarse Greined (4-5) 


s. per Sg. in. 


~ 


s 
MS 2d 


Vvield Stress 
© 


—_~ 


129D2D) 


tO 


- 
of 


~~ 
Proportional Limit 
ccaitnsitiniliveipaaiaaiintinditiate 
) 600 800 106 10 
JTernp. °F. 


Temperature and Grain Size on the Strength Charact 


C Mn Si 
———— Sine Grained (8) 76 .49 .30. 
Coarse Graeined (4-5) .18 .4? .23 . 


=e. 


Reduction of Area 


Per Cent 
D 


£00 400 600 800 1000 1200 1400 
Ternp. F. 


Influence of Temperature and Grain-Size on the Ducetility of 


grained material possesses the higher values at the lower tempera 
tures, with the difference between the two being especially mark 
at room temperature. At temperatures of 900 degrees Fahr. (480 


degrees Cent.) and higher, the coarse-grained material is in most 
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erior to the fine-grained, The difference between the two. 
is slight, especially at 1200, 1300 and 1400 degrees Fahr 


5. 700 degrees Cent. ) 


Tensile Strength 
- <= 


Yield Stress 
—— (02%) 
Proportional Limit 


r —_ Cc Mn S/ 


—-——— fine Greined (7-8) 15 125 .29 . 
Coarse Greined (4-5) 18 125 19 2! 


200 400 600 800 
Temp. F. 


Influence ot Temperature and Grain Size 


| MM9 


C Mn Si 
——=—<— Fine Grained (7-8) 5 125 .29 2 
Coerse Greined (4-5) 156 128 19 .é 


ee ee —____—+ 


Reduction of. Ares. < 


Cent 


ot 


Per 


200 400 600 1200 1400 
Temp. F. 


t—Influence of Temperature and Grain-Size on the Ductility of Steel 


_— 
— 


uctility Characteristics—The values considered in this con- 
are per cent elongation in 2 inches and per cent reduction 
The values obtained from the carbon-molybdenum steel are 


n Fig. 2 and those from the manganese-molybdenum alloy in 
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In respect to the per cent elongation, the fine- an 
grained materials give approximately the same value at r 
perature. Also, in both cases, the fine-grained material is 
at the lower temperatures and the coarse-grained at the hig 


In the case of the carbon-molybdenum steel, the dividing ten 


is at 1000 degrees Fahr. (540 degrees Cent.), while with t¢! 
ganese-molybdenum alloy it lies between 900 and 1000 degre 
(485, 540 degrees Cent.). 

Grain-size does not have a uniform influence on the 1 
of area values. At room temperature the fine-grained 
produces the maximum value in the case of the carbon-moly| 
alloy, while the coarse-grained material has a slightly highe: 
in the case of the manganese-molybdenum steel. Both st 
similar, however, in that at temperatures up to approximately 
degrees Fahr. (540 degrees Cent.) the fine-grained material p 
the higher value, while at temperatures above 1000 degree 
(540 degrees Cent.) the coarse-grained steels have the higher val 


Hot Impact TEsTs 


Charpy impact tests were conducted on all of these materials at 
temperatures of 80, 500, 600, 750, 900, 1000, 1100 and 1200 degrees 
Fahr. (25, 260, 315, 400, 485, 540, 595, 650 degrees Cent. \ 
key-hole notch was used and all tests were conducted in triplicat: 
In one series of tests the specimens were held at temperature one 
hour before testing, while in the second series, the specimens were 
held at temperature 1000 hours before testing. In all cases, the 
specimens were heated in an external furnace and rapidly transferred 
to the machine and broken. The time required for this operation 
was approximately three seconds. The results obtained are given 
in Figs. 5 to 8, inclusive. 

First, considering the one hour test, it is observed that at 
room temperature the fine-grained material possesses the higher 
resistance to impact. In the case of the carbon-molybdenum steel, 
the fine-grained material is superior at all temperatures except at 
1000 degrees Fahr. (540 degrees Cent.). At this temperature 
grain-size does not appreciably influence the impact values. With 
the manganese-molybdenum steel the fine-grained material possesses 
values equal to or greater than those obtained from the coarse- 
grained steels at temperatures up to 800 degrees Fahr. (425 degrees 
Cent.). At the higher temperatures, however, the coarse-grained 
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the superior one. In the majority of cases, however, the 
e between the values is not great. 

results obtained from the specimens which were held 1000 
temperature before testing show more uniform difference 
y in the case of the manganese-molybdenum alloy. With both 


C Mn 
———— fine Grained (8) 16 .49. 
Coerse Grained (9-5) .16 .47. 


S 20 
oO 600 800 1000 17200 
Temp. F. 
Fig. 5—Effect of Temperature and Grain-Size on Charpy Impact 


Resistance of Steel C-Mo. Specimens Held 1 Hour at Temperature Be 
fore Testing. 
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| kg Mn Si Mo 
Fine Greined [7-38/ 15 125 .29 .€8 
Coarse Greined (4-5) 75 125 .19 .25 
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Fig. 6—Effect of Temperature and Grain-Size on Charpy Im 
pact Resistance of Steel MM9. Specimens Held 1 Hour at Tem- 
perature Before Testing. 


teels the fine-grained material possesses the maximum impact re- 
istance over the entire temperature range considered. While tests 
of this type were also conducted at 1200 degrees Fahr. (650 degrees 
Cent.) the results obtained are not included as they were appreciably 


influenced by oxidation and structural changes which occurred during 
his long-time heating period. 


CREEP CHARACTERISTICS 


(he creep characteristics of these materials were determined 
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at 800, 1000 and 1200 degrees Fahr. (425, 540, 650 deor 
The so-called single-step method of loading was used wit! 
more stresses being employed for each steel at each temp 
each test being continued for at least 500 hours. An opt 


someter was used tor determining the elongation which j 


d 
9 
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Kig. 7—-Effect of Temperature and Grain-Size on Charpy Im 
Resistance of Steel C-Mo. Specimens Held 1000 Hours at Temperat 
Before Testing. 


80 


—anQuewang 


or Greined (7-8) 


D 
S 


| 
[ 


Coerse Greined (4-5/ 


| 


C Mn Si Mo 
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CG. .18 125 .19 .25 
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Fig. 8—Effect of Temperature and Grain-Size on Charpy Impact 
Resistance of Steel MM9 Specimens Held 1000 Hours at Temperaturs 
Before Testing. 
to 2.8 millionths of an inch per inch of 2 inch gage section. Th 
apparatus employed for these tests has been previously described 11 
the literature.’ 
The results obtained are given in Table II and in Figs. 9 and 
10. In the figures the rates of creep and the corresponding stresses 
are plotted to logarithmic coordinates. This method of plotting 1s 
useful in that under many conditions a straight-line relationship 
results. The rate of creep corresponding to any stress, within certain 
limits, or the stress corresponding to any rate of creep can thus be 
1A. E. White, C. L. Clark and L. Thomassen, ‘“‘An Apparatus for the Determi: 


of Creep at Elevated Temperatures,”’ Fuels and Steam Power, Transactions, Ame 
ciety for Mechanical Engineers, Vol. 52, 1931, No. 27, p. 347. 
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The values given in the table were obtained from these 





ile the results given in the table are expressed in terms of 


eS required for creep rates as low as | per cent per 100,000 





o tests have been conducted tor time periods even approach- 





It is customary to assume that a creep rate of 0.01 per 





1000 hours is equivalent to a creep rate of 1 per cent per 





hours. 












Table Il 
influence of Grain-Size on the Creep Characteristics of Steels C-Mo and MM9 at 800, 
1000 and 1200 Degrees Fahr. 








Stress for Creep Rate of 1 Per Cent in 


















‘Temperature Designated Time Period 
Deg. Fahr 100,000 Hrs. 10,000 Hrs 1,000 Hrs. 
(I SOO 21,500 7 OOO 34,000 
( ROO 15,500 6,000 44,500 
I) LOOO0 9 600 15,800 6.000 
3 1000 10,700 17,800 29,200 
| 1200 OD 1,400 3.400 
{ 1200 480 > 000 4,050 
I) SOO 29,900 34,000 45,000 
\ (") 800 27,000 38,500 » 000 
M (I) 1000 4,650 9 800 21,000 
WM (C) 1000 7.400 14,000 18,250 
MMO (F) 1200 405 970 2,325 
1M is 1200 460 1,075 2,500 











grained (7-8) 
Coarse-grained (4-5) 








On the basis of theoretical considerations, it is believed that 






the influence of grain-size on the creep characteristics should vary, 





lepending upon the temperature being considered. It is the writers’ 





belief that at temperatures below the so-called equi-cohesive tempera- 





ture, or lowest temperature of recrystallization, a fine-grained mate 





rial should possess the maximum creep resistance, while at tempera- 





tures above, the coarse-grained material should be superior. Since 





is also a deciding factor, this condition should be especially true 





when low creep rates are being considered. 





1 
A 


‘eferring to the table and figures, it will be observed that this 






condition does exist. For example, with the carbon-molybdenum 











steel, the fine-grained material is superior to the coarse at 800 degrees 





T 1 


tahr. (425 degrees Cent.), with the difference being the most marked 






Case ot the stress required for ad creep rate ot ] per cent per 





100,000 hours. In the case of the largest creep rate considered, 






| per cent per 1000 hours, the coarse-grained material was superior, 






because of this relatively rapid rate of creep, it is believed that 
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the tensile, rather than the creep characteristics, are the 
factor under this condition. At the higher temperatures, 
1200 degrees Fahr. (540, 650 degrees Cent.), the coar 
material possesses a higher creep resistance than the fin 
In other words, for this steel it is believed that the equi 
temperature lies somewhere between 800 and 1000 degr 
(425, 540 degrees Cent.). 

The same general conditions as noted above exist in t 
of the manganese-molybdenum steel. With this alloy, how 


6&0 





t ———— /ine Greined(8/ 


Li verse Greined [4 45/ JE 


t Li 
lt F a 
~ t | 


+ 




















< 04 Of .O8 ov oa 4 
Rate of Creep, % per 1000 Hrs. 


Fig. 9—Influence of Grain Size on the Creep Stress Curves 
for Steel C-Mo at 800, 1000 and 1200 Degrees Fahr. 


coarse-grained material possesses the higher creep resistance at each 
of the three temperatures considered. This would indicate either 


that the equi-cohesive temperature of this alloy lies below SUU 
degrees Fahr. (425 degrees Cent.), or that other factors, such as 
composition or a difference in the strain-hardening characteristics 
of the two grain-sizes, are appreciably influencing the results. 

In Figs. 9 and 10 it is apparent that the log-log lines at any 
given temperature obtained from the steels of different grain-sizes 
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rally not parallel. With both the molybdenum and the 
ese-molybdenum steels at 800 degrees Fahr. (425 degrees 
the coarse-grained material gives the greater slope, while 
. manganese-molybdenum alloy the fine-grained material has 
iter slope at 1000 degrees Fahr. (540 degrees Cent.). It is 


iters’ belief that these variations in the slopes are due to 


— —~ ys 


—_—— 
——> 
O<—- ; ; 


— 
—_ 


; 
aa 





hy p< 


10—-Influence of Grain Size on the Creep-Stress Curves for Steel MM9 
1000 and 1200 Degrees Fahr. 


ifferences in the strain-hardening characteristics of the materials, 
with the greater slope indicating a greater susceptibility to strain- 
hardening. In fact, it is believed that many of the physical effects 
produced by varying grain-size may be largely caused by the differ- 
ences in the strain-hardening characteristics of fine- and coarse- 
grained steels. 


Hicu TEMPERATURE STABILITY 


The structural stability of metals at elevated temperatures can 


termined by subjecting the completed creep specimen to tensile 

mpact tests and a metallographic examination. As four spect- 

are used for each creep test at each temperature, two of the 

leted specimens were subjected to tensile tests and the remaining 
two to the impact tests and the metallographic examination. 
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lensile Tests—TVhe results obtained from the tensile + 
completed creep specimens at 800, 1000 and 1200 deg: 
(425, 540, 650 degrees Cent.) are given in Table IIT. 
obtained from the original material are also included for 
tive purposes. 

The creep tests at 800 and 1000 degrees Fahr. (425, 540 


Cent.) have had no appreciable influence on the tensile chara 


of any of these four steels. In certain cases the creep tes‘ 


degrees Fahr. (425 degrees Cent.) have produced a slight 
in the resulting strength characteristics and this is the mor 
in the yield stress values obtained from the coarse-grain: 
This is believed to be due to the strain-hardening which 
during the creep tests at this temperature. 

The creep tests at 1200 degrees Fahr. (650 degrees 
however, have had a more marked influence. In practical 
case, the strength characteristics have been somewhat decreas: 
the tensile strength values, as a rule, showing the more 


changes. In no cases, however, are the differences exce 


Table Ill 
Influence of Grain-Size on the Tensile Properties of C-Mo and MM9®9 Steels Before and 
After Creep Tests at 800, 1000 and 1200 Degrees Fahr. 


Creep Tests 
Stress Propor- Elongat 
Pounds Per Tensile Yield tional Per Cent 
Specimen Temperature Square Strength Stress Limit in 
Number Deg. Fahr. Inch Pounds Per Square Inch Inches 
>Mo-0 . 85 at 62,475 36,000 34,000 
>Mo8-15 - 800 15,.G00 60,000 34,000 30,000 
>Mo8-27 . 800 27,500 61,250 40.000 32,000 
*Mol0-7 . 1000 7,590 60,650 38,000 30,000 
*Mol0-15 - 1000 15,000 63,000 40,000 32,000 
>*Mol2-15 : 1200 1,500 59,550 35,000 30,000 
*Mo-0 ; 85 Penn 64,050 32,500 25,000 
*Mo8-17 : 800 17,500 62,200 40,000 32,500 
>Mo8-30 ; 800 30,000 63,550 42,000 30,000 
*Mol0-15 2 1000 15,000 800 35,000 27,500 
>Mo10-30 : 1000 30,000 200 43,750 35,000 
>Mol2-15 5 1200 1,500 52,750 34,000 27,500 
*Mol2-4 > 1200 4,000 54,000 31,000 
MM9-0 . 85 catia lin 825 50,000 
MM9(8)-25 : 800 25.000 70,800 47,500 
MM9(8)-39 - 800 39,000 1,300 52,500 
MM9(10)-5 . 1000 5,000 ,500 50,000 
M M9(10)-10 - 1000 10,600 70,400 47,500 
MM9(12)-2 ‘ 1200 s ,400 45,000 
MM9.-0 - 85 125 51,250 
MM9(8)-35 * 800 35,000 »450 57,500 
M M9(8)-45 ; 800 45,000 76,100 57,500 
MM9(10)-10 1000 10,500 ,250 50,000 
MM9(10)-17 : 1000 17,000 ,300 48,000 
MM9(12)-2 . 1200 2,000 59,550 40,000 
MM9(12)-4 1200 4,080 58,900 37,500 


fi fi fn fi fll fl pm fil fl fil fl fn fil 
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With both of the compositions considered, the change in 
e-grained steel was the greater. 

lests—For these tests Izod specimens were used in 

it two specimens might be obtained from each completed 

ecimen. Since 0.505 inch diameter specimens were used for 


» tests, the resulting impact specimens were smaller than 


Table IV 
influence of Grain-Size on the Impact Resistance of Steels C-Mo and MM9 
Before and After Creep Tests at 800, 1000 and 1200 Degrees Pahr. 


Temperature Stress Duration Izod Impact* 
Degrees Fah Lb./Sq. In Hours Foot-Pounds 
5 eA aa ct ; ,0.5 

8) 10,000 9 

SOO 2,500 18.50 
1O00 10,000 7.50 
1000 12.500 25.25 
1200 1,000 ».00 
1200 5,100 42.50 
? 47.0 

800 15,000 41.0 
R00 24,250 ..0 
1O00 10,000 ) 2.0 
1000 20,000 38.5 
1200 1,200 82.0 
1200 3,000 0 
R5 ) 


RS 


SOU 20,000 15 
S00 30,000 y00 93.0 
1000 7,500 90 0 
1000 15,000 500 5 
1200 1,100 30 ( 0 
1200 4,000 00 94.0 

85 


ore and 


) 
800 40,000 00 0 
1LO00 8,000 70 
10090 14,750 600 
1200 1,100 15 
1200 3,000 500 


rage ot two tests 
Specimens used were smaller than standard 


The results obtained from the impact tests are given in Table 


Values obtained from the original material are also included 


parative purposes. All reported values are the average ot 
sts. 
(he results indicate that in no case have the creep tests at 800 
00 degrees Fahr. (425-540 degrees Cent.) had an appreciable 
ice on the resulting impact resistance of these steels. The 
likewise true with the creep tests at 1200 degrees Fahr. (650 
s Cent.) in the case of the manganese-molybdenum alloy. 
the molybdenum steel, however, the creep tests at 1200 degrees 
(650 degrees Cent.) have caused a considerable increase in 
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the resulting impact resistance. With the fine-grained mat hi lie b 


increase is of the order of 50 per cent, while with the coars while 


material the resistance is nearly doubled. degr 


Metallographic Examination—The metallographic stru O posit 
each steel were examined, both before and after the creep test he may 
results indicate that the creep tests at 800 and 1000 deer 
(425-540 degrees Cent.) had no apparent influence on the st: 
Those at 1200 degrees Fahr. (650 degrees Cent.) did pr: 
structural change in that the pearlite was more highly spher 
Even in the original condition, however, none of these steels p 
a distinctly laminar pearlite and it could best be defined by th 
“sorbitic pearlite.” 


whic 
copt 
loys 
obta 
CONCLUSIONS stru 


. . ‘ the 
On the basis of the above series of tests it must be con 


that the McQuaid-Ehn (inherent) grain-size does appreciab) 
fluence the high temperature characteristics of steel. On the basis 
of the tensile test results the coarse-grained materials in general 
possess the superior strength characteristics. There are exceptior 
to this statement in the case of certain of the yield stress and pro 
portional limit values of the molybdenum steel. At temperatures 
from 80 to 900 or 1000 degrees Fahr. (25, 480, 540 degrees Cent 
the fine-grained materials possess the greater ductility, while at tem 
peratures above 1000 degrees Fahr. (540 degrees Cent.) the « 


matt 


alloy 


grained steels are superior in this respect. 

The fine-grained steels also possess the maximum impact r 
sistance over the major portion of the temperature range from & 
to 1200 degrees Fahr. (25 to 650 degrees Cent.). This is true 
gardless of whether the specimens are held at temperature one hour 
or 1000 hours before testing. In the long heating tests there are 
no exceptions to this statement, while in the one hour tests ther 
is, in that the coarse-grained manganese-molybdenum steel possesses 
the maximum values at temperatures from 900 to 1200 degre 
Fahr. (480-650 degrees Cent.). 

Insofar as the creep characteristics are concerned the fine- 
grained steels are superior at the lower temperatures and the coarse 
grained steels at the higher ones. It is the writers’ belief that, 1 
general, the dividing temperature coincides with the lowest tempe! 
ture of recrystallization or the equi-cohesive temperature. On this 
basis, the equi-cohesive temperature of the molybdenum steel would 
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ie between 800 and 1000 degrees Fahr. (425-540 degrees Cent.), 
while that of the manganese-molybdenum alloy would be below 800 
degrees Fahr. (425 degrees Cent.). Other factors, such as com- 
nosition and marked differences in strain-hardening characteristics, 
may appreciably influence this relationship. 


GRAIN-SIZE Propucep BY HEAT TREATMENT (ACTUAL) 















For this investigation two nonferrous alloys were used, one of 
which was of the 77 copper, 22 zinc, 1 tin and the other the 59 


copper, 40 zine, 1 tin type. 


| As stated previously, nonferrous al 
loys were selected because variations in grain-size could be readily 
obtained and these variations are not as likely to introduce other 
structural variables as in ferrous alloys. It is believed, however, that 
the findings obtained will apply to ferrous as well as nonferrous 
materials. The designation, composition and grain-size of these 
alloys are given in Table V. 
" Table V 
Chemical Composition of Nonferrous Alloys With Varying Grain-Size 


Chemical Composition 


Per Cent Grain-Size 


Designation Alloy Copper Zinc Tin Millimeters 
E-2 77-22- 77.26 21.61 1.18 0.020 
E-20 77-22-1 77.24 21.04 1.02 0.045 
E-3 59-40-1 58.79 40.43 0.88 0.025 

) 59-40-1 60.08 0.83 0.045 



















These alloys were received from commercial sources and were 
furnished in 0.75-inch rods. The materials were subjected to short- 
time tensile tests at both room and elevated temperatures and to 
creep tests at temperatures ranging from 300 to 600 degrees Fahr. 
(150-315 degrees Cent.). 


TENSILE PROPERTIES 









Tensile tests were conducted at 80, 400, 600 and 800 degrees 
Fahr. (25, 205, 315, 425 degrees Cent.) on each of these four alloys. 
The values considered were tensile strength, proportional limit, per 
cent elongation in 2 inches and per cent reduction of area. The re- 
sults obtained are shown in Figs. 11 and 12. 

First considering the strength characteristics, that is, the ten- 
sile strength and proportional limit values, it is observed that the 
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fine-grained material possesses the maximum values jn 
with the difference between the two tending to be great 
degrees Fahr. (205 degrees Cent.). 
The influence of grain-size on the ductility, Fig. 12, 
uniform. With the 59-40-1 alloy the coarse-grained mat: 
Lerge Grein (0.045) 


———— Smeal! Grain (0.025) 
@ 77-22-17 


Tensile 
Strength 


Stress, 1000 lbs. per Sg. In. 


Proportiona/ 
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| 
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QO 200 400 


Ternp. °F. 
Fig. 11—Influence of Temperature and 

Actual Grain-Size on the Strength of Two Non- 

Ferrous Alloys. 
the higher elongation value at every temperature except 400 de- 
grees Fahr. (205 degrees Cent.), at which temperature grain-size 
does not influence the resulting value. With the 77-21-1 alloy the 
maximum values are possessed by the coarse-grained structure at all 
temperatures except 800 degrees Fahr. (425 degrees Cent.). In 
the case of the reduction of area values, the fine-grained 77-22-! 
alloy possesses the higher value over the entire temperature range, 
while with the 59-40-1 alloy the same is true only at 400 degrees 
ahr. (205 degrees Cent.). At the higher temperatures the coars' 
grained structure is superior while at room temperature the two giv! 
the same value. 





GRAIN-SIZE OF ALLOY 
CREEP CHARACTERISTICS 


e creep characteristics of the 77-22-1 alloy were determined 
100 and 600 degrees Fahr. (205, 315 degrees Cent.) and those 
59-40-1 alloy at 300 and 400 degrees Fahr. (150, 205 degrees 


These particular temperatures were selected as it was de- 
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Fig 12—Influence of Temperature and 


Actual Grain-Size on the Ductility of Two 


Non-Ferrous Alloys. 


sired to conduct tests, both below and above the lowest temperature 
f recrystallization or equi-cohesive temperature. Previous work 
has indicated that this temperature would lie between 400 and 600 
legrees Fahr. (205, 315 degrees Cent.) for the 77-22-1 alloy and 
between 300 and 400 degrees Fahr. (150, 205 degrees Cent.) for 
» 59-40-1 material. The results obtained are given in Fig. 13. 
The writers have previously stated on several occasions that 
the influence of actual grain-size on the creep characteristics would 
vary, depending upon the testing temperature. Their reasons tor 
this statement are based on the following facts. At room temper- 
ature fracture resulting from tension and thus the greater share of 
deformation occurs through the grain. In other words, at these 
temperatures the grain boundaries are stronger and more able to 
ithstand deformation than the grains themselves and, therefore, 
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a fine-grained material will possess the greater strength beca: 
the greater relative amount of grain boundaries present. 


As the temperature is increased, however, the grain boun 
weaken at a more rapid rate than the crystals and a temperatu 
reached at which fracture proceeds around rather than throu 
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Fig. 13—Creep Stress Diagram for Copper-Zinc-Tin Alloys Showing the Ir 
fluence of Grain-Size on Rate of Creep. 


grains. At this temperature a coarse-grained material will possess 
the greatest strength because of the presence of a larger amount of 
the stronger phase, the crystalline. There is still considerable ques- 
tion as to the location of this dividing temperature. The writers be- 
lieve that it is the lowest recrystallization temperature or the equi- 
cohesive temperature. 

The data given in Fig. 13 support this statment. At 400 de- 
grees Fahr. (205 degrees Cent.) the fine-grained 77-22-1 alloy is 
more resistant to continuous creep than the coarse-grained material, 
while at 600 degrees Fahr. (315 degrees Cent.) the coarse-grained 
alloy offers the greater resistance. Since the lowest temperature 
of recrystallization of this material has been found to be between 
400 and 600 degrees Fahr. (205-315 degrees Cent.) the hypothesis 
is supported. Likewise, with the 59-40-1 alloy the fine-grained 
material is the more resistant at 300 degrees Fahr. 150 degrees 
Cent.) and the coarse-grained material is superior at 400 degrees 
Fahr. (205 degrees Cent.). Again this change is closely related to 
the lowest temperature of recrystallization. 
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GRAIN-SIZE OF ALLOYS 


CONCLUSIONS 


On the basis of the above tests, it is to be concluded that actual 
orain-size, that is, grain-size produced through heat treatment, does 
have an influence on the resulting high temperature characteristics. 
Insofar as the tensile properties are concerned, it is observed that 
the fine-grained material possesses the greater strength properties 
over the entire temperature range considered. The influence of 
srain-size on the ductility 1s not as uniform, but, in general, the 
coarse-grained material tends to give the greater elongation values, 
especially at the lower temperatures, while the fine-grained material 
gives, in the majority of cases, the greater reduction of area values. 

The results from the creep tests indicate that at temperatures 
below the lowest temperature of recrystallization fine-grained mate- 
rials possess the greater creep resistance, while at temperatures above 


the coarse-grained material has the greater resistance to creep. 


INHERENT VERSUS ACTUAL GRAIN-SIZE 


Results which have been considered should give an indication 
at least of the relative influence of grain-size as determined by the 
McQuaid-Ehn test (inherent) and that produced through heat treat- 
ment (actual) on the resulting high temperature characteristics. 

First considering the creep characteristics, it is observed that 
regardless of which type of grain-size is being considered (actual 
or inherent), the maximum creep resistance at the lower tempera- 
tures is obtained with fine-grained materials, while at the higher 
temperatures a coarse-grained alloy is required for the greater creep 
resistance. In the case of the nonferrous alloys (actual grain-size), 
this dividing temperature has been related to the lowest tempera- 
ture of recrystallization or equi-cohesive temperature. While no in- 
formation is available concerning the lowest temperature of recrystal- 
lization of the two ferrous alloys (inherent grain-size), it is be- 
lieved that this would again be the dividing temperature. 

Both types of grain-size do not exert the same influence on the 
tensile properties at either room or elevated temperatures. In the 
case of the nonferrous alloys (actual grain-size), it was found that 
the maximum strength and minimum elongation values were, in gen- 
eral, possessed by the fine-grained structures. On the basis of in- 
herent grain-size, however, the maximum strength characteristics 
were, in general, possessed by the coarse-grained steels. There were 
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certain exceptions to this, especially in connection with the yi: 
and proportional limit values of the molybdenum steel at tem, 
below 800 to 900 degrees Fahr. (425, 485 degrees Cent.). 
fluence of inherent grain-size on ductility was also diffe: 
that of actual grain-size. With both of the ferrous alloy: 
ered, the fine-grained steels gave the maximum values at 


atures up to SOO to LOOO degrees Kahr. ( $25 to 540 degre 











while the coarse-grained steels were superior at the more 
temperatures. 

It appears, therefore, that on the basis of these tests, 
both types of grain-size exert the same influence on the cre 
acteristics, but that their effect is different on the tensile 
ties at either room or elevated temperatures. 

In this connection, it should be noted that at least ins 
steels are concerned, the inherent and actual grain-sizes are t 


extent related. The actual grain-size that is manifested 


























structure usually depends upon the inherent grain-size. | 
stance, if a coarse-grained and fine-grained steel are given an 

cal normalizing, annealing or quenching treatment, the diffe: 
in the actual structural grain-size of the steel is traced to th 
ference in inherent grain-size. In other words, the inherent gra 
size does not depend upon the actual grain-size, but the actual grai 
size may be a consequence of the inherent grain-size. 

While the coarse-grained steels possess the superior creep char- 
acteristics at the more elevated temperatures, the difference betwee 
the fine- and coarse-grained steels often is not sufficiently large to 
be of great commercial importance. In such cases greater empha 
sis should perhaps be placed on the other mechanical properties whic! 
erain-size is known to influence. 
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DISCUSSION 
iten Discussion: by H. D. Newell, chief metallurgist, 


., Beaver Falls, Pa. 


is further evidence of the continued interest in the characte 


metals intended for elevated temperatures, and is another intresting 


n to the subject in which the authors have long been actively 


vik 


writer's interpretation of the subject matter is that, 


steels, the slight advantage in strength characteristics 
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Heat Treatment on the Ductility 
y at Elevated Temperatures 


at Temperature 


grained steels is partly offset by the slightly lower impact values and 
ity of the large-grained steels, up to about 1000 degrees ahi On the 
| creep, the coarse-gramed steels are preferable. In the case ot the 
rrous alloys tested, the fine-grained alloys possess greater strength chat 
tics, but the coarse-grained ones exhibit greater elongation values. 
working with chromium-nickel austenitic steels which are structurally 
to the alpha brass alloy 77-22-1, the writer found exactly the reverse 
true for elongation values when testing at higher temperatures than 
by the authors. In this case, fine-grained, low carbon 18-8 steel showed 
rreater short-time strength and much better ductility than coarse-grained 
it exactly identical composition. For example, one inch round, heat 
to produce four grain sizes from fine to very coarse, gave vaiues shown 


ble I and Fig. 1 of this discussion. 
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Table I 
Effect of Heat Treatment on Physical Properties of 0.05 Per Cent Carbon, | 


at Elevated Temperatures, Short Time Test, One Hour at Temperat: 


Alloy 


Ultimate Strength 

lemp. of Test 1900 Deg. Fahr. 2100 Deg. Faht 

Deg. Fahr. Hot-Rolled Ouenched Quenched 
800 60,710 58,440 56,690 
900 58,310 55.345 54,252 
1000 54,245 51,330 50,700 
1100 47,902 16,303 44,705 
1200 38,261 37,512 35,314 
1300 30,819 28,821 29,040 
1400 32.750 29,100 28,750 
1500 18,530 17,882 15,580 
1600 13,650 11,900 9,220 
1700 9,950 9,323 8,542 


Reduction of Area in Per Cent 


800 69.3 70.6 
900 71.1 72.3 
1000 67.5 66.5 
1100 57.5 51.7 
1200 58.8 50.6 
1300 61.1 51.1 
1400 71.0 54.0 
1500 42.8 Pia 
1600 38.8 30.5 
1700 35.0 40.8 


Per Cent Elongation in 2 Inches 


$5.5 46.0 
45.0 46.0 
43.5 44.0 
42.5 40.0 
57.0 49.0 
60.5 56.0 
49.0 49.0 
49.5 40.0 
43.5 37.5 


48.0 52 


Table 1 and Fig. 1 of this discussion are reproduced from the writer's 
paper—“Influence of Grain Size on the Properties and Corrosion Resistance 
of the 18-8 Iron-Chromium-Nickel Alloy for Elevated Temperature. Service.” 
—TRANSACTIONS, American Society for Steel Treating, Vol. 19, 1931-1932, 
p. 673. 

As to creep of 18-8 steel, the recent work of the Joint Research Committee’ 
indicates somewhat superior values for fine-grained rolled alloy with much 
greater total elongation before fracture (high carbon alloy) when compared 
with large-grained cast alloy of identical composition. It may then be con- 
sidered preferable, in the case of 18-8 alloys, to specify fine-grained metal for 
high temperature uses so as to obtain greater reliability. 

However, it seems evident that the structural characteristics, precipitation 
phenomena and other properties of each composition of steel or alloy must be 
known before the optimum grain-size can be chosen for elevated temperature 


1H. C. Cross, “High Temperature Tensile, Creep and Fatigue of Cast and Wrought 
High and Low-Carbon 18 Cr. 8 Ni. Steel From Split Heats,’ Transactions, American 
Society of Mechanical Engineers, July, 1934, p. 533. 
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as no general rule will likely apply to all materials through all tempera- 
nges. Messrs. White and Clark are to be congratulated for extending 
wiledge in this direction. 
Written Discussion: By Alvin J. Herzig, metallurgist, Climax Molyb- 
Co., Detroit. 
he authors of this paper have concerned themselves with the subject of 
ep in metals for several years. In my opinion their work has opened to 


more than any other a logical interpretation of the factors governing this 
‘operty of metals. I am especially in accord with their views as brought out 
n previous papers that the equi-cohesive temperature and grain-size are of 
considerable significance in the study of creep. In the paper now under dis- 


cussion they have combined the factors of grain-size and equi-cohesive tempera 
ture in further consideration of the characteristics of metals at elevated tempera- 
tures. In their previous papers the authors’ term “grain-size” always meant 
“actual” grain-size. Today we do not use the term “grain-size” without quali- 
fying it as “inherent” or “actual”. 

It occurs to the writer that the statement made by the authors that “inherent 
and actual grain-sizes are related” should be discussed further in connection 
vith their high temperature problems. We shall eventually realize, I believe, 
that the McQuaid-Ehn test is of value to us only insofar as it gives us some 
measure of the grain growth characteristics of the metal. These characteristics 
are present by virtue of the composition and manufacturing practice and cannot 
be readily nor accurately predicted on the basis of chemical tests now in use. 
[he grain growth characteristics, in turn, give us some notion as to whether or 
not we will be dealing more particularly with intra- or intergranular forces 
and energy. 

Whatever our conception may be as to the cause of the restriction of grain 
growth in the so-called “fine-grained steel’, the intercrystalline energy which 
controls the rates of structural changes and determines the properties of the 
yet hypothetical intercrystalline phase is the factor from which we primarily 
derive our final characteristics, and not the fine grain. If this were not so 
inherently fine-grained steels, like fine-grained nonferrous alloys, would be used 
for hardness and strength; whereas, in reality, inherently fine-grained steels 
develop toughness characteristics in spite of their fine grain and not because 
of it. 

In relation to high temperature studies I would like to conclude, therefore, 
that inherent grain-size has a secondary relation to creep strength through its 
primary relation to actual grain-size; this in accordance with our conviction 
that it has been definitely established that actual coarse grain and actual fine 
grain show the lowest creep rates above and below the equi-cohesive tempera- 
ture respectively. 

The grain growth characteristics tell us something more about the steel 
ian the actual grain-size we may expect after any given heat treatment. It 

quite generally agreed that control of inherent grain-size is accomplished 
hrough critical dispersion of submicroscopic inclusions which induces crystal- 
zation to start at many centers and which leaves many crystal interfaces where 
he energy is stored at a higher level. In their paper before this meeting 
avenport and Bain point out how a slight revision of our first concept of 
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grain-size influence should be made to include promotion of the rat 
formation by fine grain. I submit, therefore, that not only does inh« 
size or grain growth characteristics give us a measure of the ext 
intergranular forces, but warns us that the character of these force: 


changed. 


On these premises it 1s not illogical to suggest that the equi-coh 












Fig 1—Creep Strength of Fine- and 
Coarse-Grained Carbon-Molybdenum Steel 
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Cohesion Characteristics According to Fine- and Coarse-Grained Steel 
Jeffries and Archer. 
















perature may change with the inherent grain-size. In the data given by \\ 
and Clark there appears to be some support for this hypothesis. 
When the values given in Table II of the paper for carbon-molybdenun 


‘ 


steel are plotted “creep strength versus temperature“ the characteristic break 
in the creep-temperature diagram is found only in the case of the coarse-grain 
steel. (Fig. 1 of this discussion. ) 

This characteristic break occurs at the region of the equi-cohesive tem] 
ture where the creep changes from intra- to intergranular flow as in Fig 
The absence of this break in the fine-grained steel creep plot suggests 
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esive temperature for the fine-grained steel 


s at which creep strengths were reported 


nsistent if 1t can be shown how a fine-g1 
can have in a restricted temperature rang: 
rse-grained steel failing intragranularly. ‘T\ 


how the equi-cohesive diagrams might vary 


} shows the supposed cohesion characteristics of ¢ 
steels superimposed on the same diagram. For the 
ve the intergranular cohesion a higher value at low tem 
se grain, but we should anticipate a more rapid decrea 
temperature. The intergranular cohesion of 
bears the same relation to the intragranular coarse et 
the equi-cohesive point of the fine grain steel at 
higher stress than that of the coarse-grained 
made on coarse- and fine-grained steels at a temperature slig] 
cohesive temperature of the fine-grained steel and below 
temperature of the coarse-grained steel the result reported by 
will be obtained. It seems probable, therefore, that the equi-cohesive 
re varies with the inherent grain-size. The < rs’ comments on 
ssibility would be valuable to us. 
s my opinion that in this paper the authors have quite firmly established 
ory regarding the significance of intergranular cohesion in creep, and 
ough their consideration of the effect of inherent grain-size they hav 
sentially placed before us a full explanation of the rudiments of creep. 
utgrowth | see that we have a new method of approach in searching 
mpositions suited to high temperature service. The authors should lhe 
tulated on having made another fine contribution to the technical litera 
high temperature characteristics of metals. 
Written Discussion: By H. W. McQuaid, research metallurgist, | 
Corp., Massillon, Ohio. 
he writers have shown with the steels tested that the coarse McQuaid 
\in-size indicates superior creep resisting and other properties at elevated 
ratures. These steels tested were in a pearlitic condition and the struc 
btained would correspond closely to that obtained by the carburizing 
uaid-Ehn) test itself. The importance of the grain-size is generally 
in the quenched condition than in the annealed condition, and it is to 
etted that samples were not tested which had been quenched and drawn 
highest temperature used in the tests. 
also believed that the effective grain-size produced through heat treat 
ctual) should have been studied by producing in the annealed condition 
heat treated condition different grain-sizes for the same tests. Varying 
tial heating temperatures for quenching and annealing would have pro 
change in actual grain-size which would have given to these tests 


value as far as the metallurgist interested in ferrous materials is con 


would be very interesting to know the effect of annealing temperatures 
000 degrees Fahr. and the effect of quenching temperatures up to 1800 
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degrees Fahr. on the high temperature characteristics as determ); 
authors. 

The connection between grain-size and equi-cohesive temy 
extremely interesting. It is known that at temperatures above the 
that a change occurs in the grain boundaries and crystal structurs 
sults in a considerable increase in crystal size. Whether the so- 
cohesive temperature 1s due to a more rapid weakening of the crystal 
with increase in temperature than occurs in the crystal itself, or 
actual change takes place at a definite point in the crystal boundary, 
ot speculation. 

It is not at all improbable that at the so-called equi-cohesive te: 
that there is a change in the solubility of the non-ferrous constitu 
grain boundary which changes definitely the strength of the materi 
equi-cohesive temperature is in the same range as the temperatures 
nitrides are formed or go into solution, and it might be possible 
variation in the equi-cohesive temperature and in fact its existence is a 
of some practice which varies the amount and condition of the nitrog: 
pounds present in the steel. 

A. C. CHAMBERLIN? The authors have effectively covered a subject of 
extreme interest, and it is possible that future work along this line may lead + 
a method for the rapid approximation of creep values on some basis other than 
the long time creep test. While this paper deals principally with creep and in 
pact values, it must be remembered that other properties may influence 
success of alloys used for elevated temperature service. It is believed tha 
study of fatigue properties at the temperature suggested by the authors wi 
yield additional information which might minimize the importance of the super 
iority shown for coarse-grained steels. It is also probable that from a cree; 


stress standpoint the manganese-molybdenum steels are somewhat superior t 


the straight carbon-molybdenum materials, and in this connection I would like 
to ask Professor White whether there was some reason for testing one steel in 
the annealed condition while the other was normalized and drawn. It would 
seem that this procedure has given an advantage to the already superior steel. 

F. B. Fotry:* For some time it has been common practice to plot creep 
curves on semi-logarithmic coordinates. The assumed straight line relationship 
may be a law applicable to low rates of creep, run for periods up to about 1000 
hours, but I do not see how it can hold for the higher rates of creep. 

The figure accompanying this discussion shows three long-time creep curves 
All represent pearlitic steels, but are not of the same composition. One, repre 
sented by curve C, broke after a little over 4000 hours. The other two are still 
running under load, having been in now for over one year and three months 
Only the first 7200 hours of the runs are shown in this figure. From a con- 
sideration of these curves it is obvious that no creep rate could be estimated with 
any degree of accuracy from the data obtained up to 2000 hours. Nor could the 
future behavior have been foretold from these data. There is nothing to fore- 
tell, for example, that steel B would break, that the rate of flow of steel A 
would decrease, and that steel C would continue at a fairly constant rate for over 


2Metallurgist, Bethlehem Steel Co., Bethlehem, Pa. 
$Metallurgist, Midvale Co., Philadelphia, Pa. 
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t will be noted that steel A, which showed the highest initial flow, has 

wn to a rate of approximately 0.1 per cent in 1000 hours his curve 
ned at the lowest temperature of the three where cold working may 
most effective. 

tests reported by Clark and White were run for 500 hours. kor 

reep rates, it 1s doubtful if the rates determined in this short time 


ything. 
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It seems hardly worth while to run tests showing flow much in excess of 
| per cent in 1000 hours, excepting to determine the risk involved in over 
ding. High flow rates, when obtained in short time, appear useless in estab- 

stress-flow relationship. 

CHAIRMAN Bain: Mr. Foley has offered us something to think about. It 
seems as though we have been a little too eager to jump at the creep properties, 
which may not hold at all. It is interesting because his information comes from 
tudies that certainly are not inviting to do. It is not a pleasant task to run 
these tests for such a long time, and we do not get as much of this information 
aS We need. 

[. W. Wacker: I should like to ask Mr. Foley if the break was trans- 
rystalline or intercrystalline. 


I’. B. Fotey: I do not know that it is possible to tell whether the fracture 


specimen B was transcrystalline or intercrystalline. In a pearlitic steel it 


heult to tell. The old austenitic grain which, in hypoeutectoid steels, is 
ned by the ferritic network is not the true grain-size of the steel below the 
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of course, the grain-size referred to 
and fine grain in the McQuaid-l*hn test, but. 
in this case, whether the failure at temperature 
or through them, the crystals we are referri 
and cementite crystals which existed at the temperature of 
difficult to tell whether the failure occurred in the grain 
ferrite and cementit 
AIRMAN BAIN | would lke to poimt out that the grai 


discs after a carburizing test at 1700 degrees Fahr. for eig! 


merely one point of a great number which determine the grain gt 


acteristics of the steel. It 1s not in itself otf any more significan 


yrain Siz any other heating program 


Authors’ Reply 
(he question raised by Mr. Foley as to the influence of time 
ulting creep characteristics is a most interesting one. Ever sin 
s first realized, there has been considerable di 
these tests should be extended We will all 


tuld be to conduct them tor time periods appre 





4000 Lb 

















| iaasal 
2000 2500 3000 
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‘ 


commercial lite desired Such a procedure would in general be 


for the laboratory phase of the work would lag behind commercial progr: 


We are conducting extended creep tests similar to those ot 


and at the present time these tests have been in progress for 4500 hours 


find that the influence of time on the resulting creep characteristics can 


be shown by plotting the rate of creep versus time, as in Figs. 1 and 2 « 


closure. In both of these figures it is observed that the rate of 


decreases and, in most cases it continues to do so for periods up to 1500 t 
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CHEMICAL COMPOSITION 1 
C. Mn Si Cr. Mo | 
0.07 0.42 0.72 1.2) 0.54 
A Heat -Treatment- Ann. 1550’ F 
Brinell Hardness 123 
Grain Size 4-5 


24 600 Lb/Sq. In 


B c 


SS 


500 1000 1500 2000 2500 3000 4500 A000 
TIME OF TEST, HOURS 
big 
In one case the creep rate increases after 1750 hours, but the imitial 
was purposely chosen sufhciently high to produce this condition On 


of these results it 1s our contention that tests of 500 hours give more 
rvative values than do tests of 1000 hours. In certain cases it 1s surprising 
the slight influence of extended time periods lor example, with the 
carbon steel at 1000 degrees Fahr., Fig. 1, the stress for a creep rate of 
cent per 10,000 hours would be 4500 pounds on the basis of the 500 hour 
and 4700 pounds on the basis of the 4500 hour tests, a difference of only 
unds for a difference in testing time of 4000 hours 
regard to the question of Mr. Chamberlin as to why one steel was 
in the annealed condition and the other in the normalized and drawn, 
oes back to the type service tor which these steels are intended It is 
that the 0.50 molybdenum steel, when used in oil cracking work, 
pproach temperatures of 1200 degrees Fahr. or higher, and, theretore, 
normalized and drawing treatment would be entirely erased Phe 
inese-molybdenum alloy, Steel MM29, is especially intended tor operating 
ratures up to 1000 to 1100 degrees Fahr. 
Vhile we were interested in showing in this paper the influence of grain 
n certain high temperature characteristics, we also were interested in 
r all conditions such that the results obtained could be commercially used 
for this reason that the quenched and drawn treatment, as suggested by 
McQuaid, was not employed. Results from other tests, however, indicate 
it these higher temperatures a quenched and drawn structure generally 
es creep characteristics inferior to those produced by either an annealing 
normalizing and drawing treatment. Other tests also indicate that the 
resistance at the higher temperatures can be increased by increasing th 
ling or normalizing temperature. This probably is due in part at least 
larger actual grain-size which results. 
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The authors agree with Mr. Newell in that creep characterist 
should not determine the selection of material for high temperature 
Other physical properties such as ductility, structural stability and 
from embrittlement may be of equal or even greater importance. 

The authors greatly appreciate the points raised by Mr. Herz 
believe his suggestion as to the dependence of the equi-cohesive temper: 
inherent grain-size to be a good one. Creep is, in general, a result 
factors, strain hardening and recrystallization. Since the inherent gr: 


is a measure of a metals susceptibility to grain growth at sufficiently 


temperature, it is logical to believe it may also influence the recrystal! 
tendency, since the two phenomena, grain growth and recrystallizati 
more or less related. Any factor which influences the recrystallization te: 
will, of course, influence the equi-cohesive temperature, which may be 

as the lowest temperature of recrystallization. 
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THE IMPORTANCE OF GRAIN-SIZE OF 
SHEET STEEL FOR DEEP DRAWING 


By Rerip L. KENYON 
Abstract 


The physical properties of steel sheets for deep draw- 
ing are affected by several variables. Although grain-size 
is one of these, composition, structure and thermal and 
mechanical treatment are also influential and at times may 
have a greater effect. Grain-size affects the smoothness 
of the surface of the drawn sheet and tf this 1s wnportant 
the grains must not be too large. Coarse-grained material 
is somewhat softer and weaker but also has lower ductility 
than finer-grained sheets. Manufacturers of deep drawing 
sheets are aware of the wmportance of the grain-size of 
their product and are able to control this within limits 
that are closer than the differences that can be observed in 
the performance of the material. The refinement of the 
grains in cold-rolled strip 1s due to recrystallization during 
low temperature annealing (below A,). Experience in 
producing steel sheets for deep drawing has shown that 
physical tests together with microscopic examination fur- 
nish satisfactory means for controlling the drawing qual- 
ity, assuming, of course, that the other variables such as 
composition, and thermal and mechanical treatment are 
also controlled. 


HE requirements of sheets for deep drawing are constantly be- 

coming more exacting. In addition to larger sizes and lighter 
gages, users are demanding better surface and improved physical 
properties. There are several variables that have an important influ- 
ence on the physical properties, among which may be mentioned 
composition, structure, and thermal and mechanical treatment. These 
are more or less inter-related, but attention will be confined, in this 
discussion, to the effect of structure, and even be limited to one fea- 
ture of the structure—grain-size. It should be borne in mind, how- 
ever, that these other variables are present in all cases and at times 
may have a greater effect than the one now under consideration. It 
is true, though, that grain-size does have a very important role to play 


A paper presented as part of the Grain-Size Symposium of the Sixteenth 
Annual Convention of the Society held in New York City the week of October 
1, 1934. The author, Reid L. Kenyon, a member of the Society, is Supervising 
Research Engineer, American Rolling Mill Co., Middletown, Ohio. Manuscript 
received June 25, 1934. 
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in the development of superior deep drawing sheets becaus: 
both the physical properties and the surface of the finish 


Ke FFECT OF GRAIN-SIZE ON SURFACE 


The grain-size may have a marked effect on the smo 
the surface of the drawn part. If a metal is deformed }b 





cessive Stages in the Formation of Slip-bands in Armco Ingot 


elastic limit, the orderly arrangement of the structure is altered 
There are two types of internal movement that occur during plast 


deformation—slip and rotation. These probably take place 


taneously. Slip may be detected by the presence of “‘slip-band 


polished and etched micro-specimens. Successive stages 








It 
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of these slip-bands on a piece of ARMCO ingot iron are 
Fig. 1. The piece was polished and etched and the first 
ph taken to show the appearance before deformation. The 
was then compressed enough to cause a slight amount of 


leformation and the second photomicrograph shows the ap- 


of numerous dark lines which are recognized to be the 


Roughening of Polished Steel Surface Due to Severe Deformation 


races of slip planes on the plane of polish. The effect of further 
leformation is to increase the number of these slip-bands, as 1s shown 

the third photomicrograph. If the deformation is carried still 
urther, secondary sets of slip-bands cross the first set. As the slip 
proceeds, end interference from the adjacent grains increases and the 
rotation of the grains proceeds far enough to produce a visible effect 
na polished surface. Such a surface, deformed severely enough to 
use roughening, is shown in Fig. 2. The various grains are in 
lined at different angles showing that there must have been rotation 

lestroy the originally plane surface. If the grains are fairly 
irge, the variation in their inclinations can be seen without magnifi- 

but this “upheaval” effect is present even on fine-grained 
ial, although in such cases, it can be observed only under a 
lerable magnification and then the original surface must have 
highly polished. The surfaces ordinarily found on commercial 
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Fig. 3—Erichsen Draws and Microstructure (100 X) of Fine-Grained Normalized 
(Left) and Coarse-Grained (Right) Box Annealed Drawing Sheets. 


deep drawing sheets and strip do not show any coarsening that can 


be detected by the unaided eye if the grains are sufficiently small. 
The “cupping” tests such as Olsen and Erichsen are useful in 
showing the character of the surface of the sheet after it has re- 


ceived a severe draw. Erichsen draws made on sheets having differ- 
ent grain-size are shown in Fig. 3. Above each specimen is the 
photomicrograph of its grain structure. This illustrates the range of 
grain-sizes considered in this discussion and shows the condition ot 
the surface when sheets exhibiting such structures are badly de- 
formed. The coarsest grains are similar to those observed in over- 
heated box annealed material. This condition may also result if the 
material has been cold-worked a critical amount so that the subse- 
quent box annealing causes abnormal grain growth. The fine grains 
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Fig. 4—Roughened Surface of Sharp Corner on an Automobile Hub Cap. 


represent normalized material. The roughened surface observed in 
the case of the coarser-grained specimen is quite unsuited for many 
finishes that are applied to drawn parts; for example, automobile 
body parts would appear rough through the lacquer finish. This 
also applies to pieces such as hub caps and radiator shells which are 
electroplated. 

Sheets for deep drawing have to meet various requirements due 
to the wide range of designs and shapes fabricated and due to dif- 
ferences in the design of the dies. These variations result in more 
or less severe working due to the manner in which the metal must 
flow to make the draw. In many cases, certain portions of the part 
must undergo large local elongation and this is likely to develop a 
rough surface if the material is coarse-grained. This condition is 
noticeable around beads and corners. A portion of a hub cap which 
has developed a very rough surface around a sharp corner is shown 
in Fig. 4. This condition may be remedied in many cases by grind- 
ing, filing, or hand polishing, but in instances like this one, such 
operations would be very difficult if not entirely impracticable. 
In any event, this would be an item of added cost which is, of course, 
highly undesirable. 

There are certain parts in which the curvature may be very much 
less than that required around corners and beads, but in which there 
is considerable general elongation. Here again the surface of coarse- 
grained material may roughen. A shroud part drawn from a coarse- 
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grained sheet is shown in Fig. 5. There is only a moderat 
ture to the portion of this draw shown in the illustration 
material was stretched enough to develop a very rough surfa 

There are still other parts that do not undergo severe . 
tion, either local or general, and in such cases a coars 


structure is not detrimental. As a matter of fact, the ext 


Fig. 5—Rough Surface Due to Coarse Grains on Shroud of Automobile Bod 


sottness—lack of springiness—which accompanies larger grain 
may be quite desirable in order to insure that the metal takes a definit 


shape and does not spring away from the die or form, around which 


it may be bent. Such an application requires a very soft sheet. E> 


tremely fine-grained sheets are found to be somewhat harder thai 
coarse-grained ones. A grain size must, therefore, be produced that 
will satisfy the requirements of both softness of the sheet and th 


desired degree of smoothness of the surface after drawing. 
kerFECT OF GRAIN-SIZE ON PHYSICAL PROPERTIES 


The grain-size has an important influence also on physical 
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Mention has been made ot the mechanism of plastic 
m. The first essential is that slip can occur along certain 
ich experiment has shown correspond to the orientation of 
lattice of the individual grains. Since the continuity of the 

therefore of the slip planes is broken at the grain bound 


apparent that the number of these grains boundaries must 


6—Tensile Tests on Coarse-Grained Aluminum Showing Stiffening Effect 
laries (Sachs) 


marked effect on the ease with which slip can take place. ‘The 
supporting of the adjacent grains is shown by the deforma 
tensile specimens that are made up of only a few grains. Such 
specimens of aluminum are shown in Fig. 6. The grain bound 
ive caused “humps” on the surface due to their resistance to 
nation as the specimen was stretched in the tensile test. 
supporting effect of these grain boundaries extends a con 
rable distance within the grains. A decrease in the distance be 
these boundaries would, therefore, increase the strengthening 
even if there remained only one grain across the entire section. 
‘number of grains on the cross section is likewise increased, the 
rting action is still greater. Wath relatively large grains the 
r of them on the cross section is of importance, but as the 
increases, the absolute size is more important. The shape of 
ction may also be of influence if one dimension is quite small. 
\Ithough the effect of grain-size on mechanical properties is 
lly acknowledged, relatively few data have been published. 
ck of information is partly due, no doubt, to the difficulty of 
tely isolating this variable from others which must be present 
ving degrees due to the methods employed in obtaining the dit- 
erain-sizes in the material under study. For example, in low 
steel the grain-size can be varied either by cold rolling differ- 
ounts and annealing at temperatures in the recrystallizing range 


low the A, point, or by heating above the A, point for various 
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4 


lengths of time and cooling at various rates. Although a y 


these factors will produce a variation in grain-size, there m: 
a difference in the form of other constituents such as carbi 
the amount of unrelieved strain from the previous rolling | 

Bassett and Davis (1)* have published tests on aly 
showing how the Brinell hardness varies with grain-size. T} 
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Fig. —Relationship Between Grain-size and _ Brinell 
Hardness Alpha Brass. (Bassett and Davis.) 
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Fig. 8—Relationship Between Grain-size and 


Rockwell Hardness and Tensile Strength of Mild 
Steel Sheets. 


of their tests are shown in Fig. 7. Small changes in grain size have 


a more pronounced effect when the grains are small. This is influ- 


1The figures appearing in parentheses refer to the bibliography appended to this paper 
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the size of the grains relative to the cross section. The 
srain-size on the tensile strength and Rockwell hardness 
arbon steel sheets for deep drawing is shown in Fig. 8. 
pecimens were prepared by cold rolling the sheets different 


and then annealing to get different grain-sizes. ‘The other 


‘actors, such as form of the carbon and rolling stresses, were probably 


irly well eliminated because the carbon appeared in the form of 
mentite islands in all samples and the annealing temperature was 
ich enough to relieve most of the rolling stresses. The finer-grained 
material is harder and stronger than the coarse-grained material. 

Although the grain-size of ferrous sheets may vary over the 
etitire range indicated in Fig. 3, a large proportion of the deep draw- 

material now produced in this country is normalized and has 
relatively small-sized grains compared with box annealed sheets. 

ifferences in the physical properties of the large-grained box an- 
nealed material and the fine-grained normalized sheets are much 
reater than the differences that occur between the so-called large- 
crained and fine-grained normalized material. The range of grain- 
izes found in commercial normalized sheets for deep drawing is 
from the finest box-annealed structure to the finest normalized struc- 
ture. Sheet manufacturers have found that this range of grain-sizes 
vives satisfactory performance in deep drawing work. Experienced 
roducers are able to manufacture sheets of the proper structure and 
physical properties for the various types of deep drawing jobs and 
this depends to a large extent on the design of the part, the design 
the dies for making it, and the practice followed in the drawing 

p. Some users prefer a finer-grained sheet in order to insure 
against surface roughening, while others prefer a softer sheet with a 
sight risk as to surface. For the above reasons a noticeable differ- 
ence may be observed in the performance of material of different 
grain-size from different mills. Either material would work properly 
vith suitable die practice. 

Many drawn parts having no sharp radii could be satisfactorily 
made from sheets having a considerable difference in grain-size. In 
such cases the differences found in commercial normalized deep 
irawing sheets would have no important effect on the performance. 
ven where die shop practice and press capacities make it advisable 
to supply material of a certain grain-size, the sheet manufacturer is 
ble to control this much more closely than can be detected by draw- 


y 


‘is paper ing performance. 


re have 
; influ- 
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There is another important point in connection with ¢! 
ship between grain-size and physical properties. In orde1 
stretcher straining, the sheets must necessarily be given 
rolling, the amount depending on the particular type of 
are to be used for. This also affects the physical propert 
the user is unable, from any tests he may make, to correlat 
with performance in the die shop. The sheets as he gets | 
other variables imposed upon the one in which he may be 
Sheets of the same grain-size may be made to have widel) 
properties and conversely sheets having similar physical 
may be made with different grain-size, depending on the | 
performed on them. For example, a coarse-grained she 
would naturally be rather soft after annealing, may be . 
enough to make it as hard as a fine-grained sheet which has 
little or no cold rolling. The two sheets will have vastly 


drawing properties. 
kerFECT OF HEAT TREATMENT ON GRAIN SIZE 


Che metallography and heat treatment of low carbon 
heen adequately discussed in various books, such as those w1 
Professor Sauveur, and by Jeffries and Archer, but it may 
to summarize the main points briefly. As the steel is heated, it 
successively through the lower critical points, Ac, and <Ac.,, | 
ferrite remaining, due to slow diffusion rates, retains the sa 
tice form until it passes through the A, point and then changes | 
the alpha, body-centered form to the gamma, face-centered 
The reverse process occurs on cooling. This complete recrystal! 
tion is due to the allotropic change from the alpha to the gamma | 
and back to the alpha. To quote from Jeffries and Archer (2 
“When pure iron is heated above 900 degrees Cent. (1652 deg: 
l‘ahr.) so as to cause the A, allotropic change to take place, a « 
plete change in its crystalline structure occurs. The body-center 
cubic lattice of the alpha iron changes to the face-centered cubi 
tice of gamma iron. The grains of gamma iron form from 
centers or nuclei, which are usually at the grain boundaries 
alpha iron. The grain boundaries of the gamma iron do not c 


with old grain boundaries of the alpha iron. In other words, 


transtormation of alpha to gamma iron not only represents a c! 


In space lattice, but also the entire disappearance of the alpha grat 
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rth of new gamma iron grains, whose size and shape are 
by the ordinary conditions affecting grain growth. The 
ormation point is in a temperature range of grain growth 
alpha and gamma iron. 
len gamma iron is cooled through the A, point so as to form 
n, an entirely new set of alpha iron grains is formed. 
The new alpha grains begin to form at the grain 
es of the gamma iron. The size and shape of the new 
rains will depend largely on the conditions obtained during 
the transformation. Slow cooling allows time for growth 
alpha grains and favors the formation of relatively few 
Rapid cooling, as, for example, water-quenching from above 
motes the formation of more nuclei and retards grain growth 
the transformation is complete.” 
\lthough extremely rapid cooling, such as by water or oil- 
from just above A,, would produce fine grains, there 
also be undesirable effects, especially in sheets, due to the 
nn the carbon which is in solution at the temperature to which 
iterial has been heated. Such a rapid cooling rate would hold 
carbon in the form of martensite or sorbite and so produce a 
hard sheet of relatively low ductility. Furthermore, the rapid 
would leave many internal stresses and cause warping. ‘This 
tment would be entirely impractical on sheets and it is fortu- 
ite, therefore, that it is not necessary to resort to such rapid cool 
rates to obtain the desired grain structure. 
\VWhen carbon steels are heated above the A, temperature and 
wed to cool in still air, the treatment is called normalizing and 
his is often thought to be a perfectly uniform treatment that assures 
parable structure and properties for all sorts of pieces of the 
ne composition. The actual cooling rate, however, depends on the 
e of the piece; larger thicker pieces cool more slowly than smaller 
ones. The number of sheets in a pack, the design of the 
and type of conveyor also affect the cooling rate. It is, there- 
incorrect to assume that normalizing will produce identical 
tures and properties in all steels regardless of the dimensions 
piece treated. 


e principal factors of heat treatment which affect the grain- 


low carbon steel sheets for deep drawing are the time and 
ature of annealing and the cooling rate. These are the vari 
hat the producer can control to get the grain-size that, in his 
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judgment, is best suited for the particular job. All sorts of 
control equipment have been developed for maintaining . 
on all of these variables so that the degree of uniformity 
present-day deep drawing sheets is really remarkable and w 
been considered impossible a few years ago. 

The general principles of box annealing and normal 
well and generally understood, but may be briefly mentio 
the case of box annealing, time and temperature are the 
portant variables. The higher the holding temperature 
longer the time at this temperature, the larger the grain stru 


Because all of this annealing is done below the A, temperature, th 


recrystallization that occurs is due to the relief of internal stresses 
that were caused by the rolling operation. In the case of norma) 
izing, all three variables have an important effect and are carefy}) 
controlled in the manufacture of deep drawing sheets. The material 
is heated above the A, temperature for a short period of time and 
then allowed to cool either directly in the air or at a somewhat 
retarded rate by means of a hood over the exit conveyor from th 
furnace. ‘This is a matter of furnace design and has been described 
In various articles, among which may be mentioned those by Whit 
field in the Journal of the British Iron and Steel Institute in 1930, 
Lawrence in the TRANSACTIONS of the American Society for Steel 
Treating in 1931, and Davis in Fuels and Furnaces for March, 1932 
As mentioned before, the more rapid the cooling rate, the smaller 
the grains. It is impossible, however, in commercial normalizing 
furnaces, to obtain grains as large as those often found in over 
box annealed material. 

Another class of material used for deep drawing work is cold 
rolled strip. This material is annealed at temperatures below the 
A, temperature. The recrystallization in this case is due not to ; 
allotropic transformation, but to the relief of internal stresses pro- 
duced by cold working. This is a very interesting phenomenon and 
has been the subject of a great amount of experimental work. AbD 
normal grain growth in low carbon steel annealed below A, was 
noticed by Stead (3) in 1898. In 1912 Sauveur experimented with 
some 0.05 per cent carbon steel which he heated to 650 degrees Cent 
(1200 degrees Fahr.) for 7 hours after making a Brinell impres- 
sion. Fig. 9 shows the grain growth he found to take place unde! 
the impression. Attention is called to the fact that the coarsest grains 
the 


do not occur where the metal is worked the most severely, near 


~ 
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pression, but at a rather deep point under the impression. Fur- 
there is a very sharp line of demarcation between the coarse 
nd the fine grains of the undisturbed portions of the piece. 
cates that some intermediate and critical amount of internal 
ess is necessary to cause abnormal grain growth. 


\s a result of this and other similar experiments, Sauveur (4) 


Fig. 9—Grain Growth Under Brinell Impression Due to Recrystallization 
Caused by Annealing at 650 Degrees Cent. for 7 Hours. (Sauveur) 


concluded that a certain stress is necessary to cause grain growth 
the ferrite grains on annealing below the A, temperature and 
that they will not grow if that stress has been exceeded. In 1913 


‘obin (5) observed the ““Sauveur phenomenon” on nonferrous metals 
ind Ruder (6) on silicon steel. In 1914 Chappell (7) performed ex- 
tensive experiments on recrystallization. Fig. 10 shows one of his 
tapered tensile test specimens which shows very conclusively that 
the abnormal grain growth occurs only within a certain range of 
tress. He also studied the effect at various temperatures and found 
that less stress was necessary for abnormal grain growth when the 
innealing temperature was higher. A quite complete study of re- 
rystallization due to annealing after cold working, was made by 
Jeffries in 1916 and published in numerous places (8) together with 


liscussions and contributions by many other workers. Jeffries and 
\rcher devote an entire chapter to this subject in their book “Science 
t Metals.” One of the most important points to remember in this 
connection is that there is a critical range of cold working which 





Grain Growth in Tapered Tensile Specimens Due to Recrystall 


(Chappell) 


will result in abnormal grain growth upon annealing in a 

temperature which corresponds to that usually used in box 

of low carbon steels. This difficulty is overcome in practic 

working an amount in excess of the critical range. For « 
has been found that reductions of about 7 to 15 per cent wi 


duce coarse grains upon annealing, depending somewhat o1 
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Fig. 11——Recrystallization Diagram for Electrolytic Iron 
(Oberhoffer ) 


nealing temperature. In practice the strip is reduced 30 pet 
more before annealing and this avoids all possibility of critical 
growth and actually produces a satisfactory fine grain structul 

The relationship between amount of cold working, ann 


temperature and resultant grain size is shown in Fig. 11, 
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yy Oberhoffer (9) for pure iron. This may be taken as 
tative of the general relationship between these variables tor 
1 steel as well. Although this illustration does not show 
of other variables such as original grain-size and the time 


at temperature, it does give a good idea of the intluence 





Grain Growth in Drawn Shape Due to Reerystallization after Cold Working. 


the variables considered. The control of grain-size in cold-reduced 
x-annealed material is therefore based on the amount of cold rolling 
addition to the time and temperature of annealing. The remarks 
ve already been made concerning the importance of grain-size 
lrawing performance apply to this class of material as well. 
(here is another lesson that may be learned from our experience 
recrystallization of cold-worked materials. It is sometimes 
iry to make an intermediate anneal between drawing opera 
| the temperatures of furnaces available for such anneal 
In 


1) 
Liat 


often in the range that may cause critical grain growth. 


n shape various portions receive different amounts of cold 


nd it is almost certain that some parts may have been de- 
These 


a critical amount, that is, between 7 and 15 per cent. 
iow abnormal grain growth after a low temperature anneal. 
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All of the effort which the sheet manufacturer has expen 
a good structure will then be lost, for the resultant coarse 
cause trouble in subsequent drawing operations. The 
tion to this difficulty is to design the drawing operatio: 
intermediate anneals are not necessary or else to anneal 
low the critical grain growth temperature range or to 
by heating above the A, point and air cooling. Fig. 12 s| 
enormous grain growth that may occur when a drawn shapy 
an intermediate anneal in the temperature range that caus: 
grain growth. 


SUMMARY 


In conclusion it may be well to summarize what has bee: 
Grain size is only one of several important variables in sheets 
deep drawing purposes, and it alone does not determine the di 
performance. Differences between the grain-size of box-annealed an 
normalized sheets have a profound influence on the drawing q 
ity as well as the surface of the finished part. Over this rang 
the finer-grained material is somewhat harder, but is more ductil 
and produces a much smoother surface after severe deformation. 
Commercial normalized sheets today show a variation in grain-siz 
over a range which is much narrower than that just mentioned 
To a large extent this range is determined by the experience of sheet 
manufacturers in producing sheets to make specific jobs. 
sign of the dies and the drawing shop practice enter into this and, 
although certain users find a given type of sheet best suited to their 
needs, it does not mean that another type cannot be made to do the same 
job. Sheet manufacturers recognize the importance of controlling 
the grain-size of sheets for deep drawing and are able to regulat 
this within limits that are closer than the differences that can be ob- 
served in the performance of the material. Recrystallization dur- 


ing annealing after cold working is responsible for the grain re 


finement in cold-rolled strip and also for the coarsening of the 
grains in some deep drawn parts that are subsequently annealed 
in the critical temperature range. The latter difficulty can best b 
overcome by normalizing. Experience in producing steel sheets for 
deep drawing has shown that physical test data together with a knowl- 
edge of the grain-size are satisfactory indications of drawing quality 
and a control of these properties makes it possible to produce mate 
rial that meets the requirements of present deep drawing practict 
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upposes that the other variables such as composition, and 
nd mechanical treatment are also controlled. 
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Written Discussion: By G. R. Brophy, metallurgist, General Electric 
irch Laboratories, Schenectady, N. Y. 

(he ideal situation is dealt with by Mr. Kenyon in his paper, and the 

rts of the steel manufacturers toward this end are commendable. It seems, 













ever, that there is one limitation placed upon the manufacturer of deep 
wing steel which will keep him far short of the ideal. That is the nature 
he material itself. 
steel is of the so-called rimming type, which of necessity varies in its 
ture trom the surface to the center of the ingot. This natural difference 
rries through to the finished sheet, and as a result sheets are found usually 
lual structure. 
surface material of any sheet is inherently coarse-grained, while the 
nherently fine-grained. Those sheets, or portions of sheets, which are 
wholly from rim material, will be naturally coarse-grained. As a 
response to mechanical, and especially thermal treatments, wili vary 


\ 
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\s an illustration, two sheets of automobile body steel from the san 
bar analyzing 0.03 per cent carbon and 0.28 per cent manganese were g 


same mechanical treatment and then annealed at the same time at 740 deg: 


Cent. (1365 degrees Fahr.) lhe resulting structures are shown 1n 
and 


\iter a normalizing treatment from 930 degrees Cent., the structures 


in Figs. 3 and 4 resulted 

lhe hardness and drawability of these materials vary beyond the 
range tor this class of steel, and therefore the question arises how 1s tt 
tor the manutacturer to so closely control his grain-sizes 

Written Discussion: By N. A. Ziegler, Power Use Research 
ment, the West Penn Electric Co., Pittsburgh. 


lhe grain growth in cold-worked low carbon steels and carbonles 


temperatures below the transformation range, as pointed out by the aut 


e 


ivel 


1 
} 
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teresting phenomenon Several years ago I had a chance to tackle it 


different angle then described in this paper, namely, in attempting to 
Part of this work was published elsewhere 
of Mining and Metallurgical Engineers, 
In preparation of single crystals of 


luce single crystals of iron. 
eedings of American Institute 
d Steel Institute, 1930, p. 209). 

n “Edwards and Pfeil” method, which consists in straining iron sample: 

e elastic limit and subsequent heating at temperatures below the trans 


n range, was adopted. One type of the samples used was a standard 


t bar % inch in diameter. This type of sample, however, never could 


time they were treated as described, 


rted into single crystals: every 
outside and fine-grained at 


uld become either coarse-grained on the 
In one case, the sample had a perfect single crystalline 


r, or vice versa. 
The explanation ot 


ut yy inch thick, filled with fine-grained material. 


omenon was that in stressing this type of samples in a tensile test 
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machine, the stre distribution along the diameter of the sampk 


form On the other hand, as pointed out by Mr. Kenyon and oth 
to promote abnormal grain growth a very definite amount of plasti 
lollowed by subjecting to a very definite temperature, is necessary 
values of these two factors depend upon each other \pparently, in 
coarse-grained at the surface, the conditions favorable for the al 
growth existed only there, and, in the samples, coarse-grained at 
conditions were reversed 

this is another illustration of Mr. Kenyon’s statement that 
critical range of cold working which will result in abnormal grain 


annealing” 


Author’s Closure 


Mr. Brophy has raised the question of the effect of segregati 
iz the micrographs which he has submitted are understood t 
magnification of 250 diameters In our judgment the structures s| 
1, 2, and 4 are unsuitable for deep drawing steel sheets I] 

are considerably elongated and indicate under-annealing whil 


those in ig. 2 would very likely cause a roughening of the 


drawn trom such material The grains in Fig. 4 are also 


It is true that there is some difference between the recrystalliz 
of the “skin” and “core” portions of an ingot, but this effect du 
grain-size decreases Che structure shown in Fig. A and B 

discussion) are typical of those found in the usual run of our deep 
material (hese micrographs were not specially selected. I think tl 


representative of a large proportion of our low carbon steel sheets 





\ 
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irposes. In both cases the section shows the entire thickness of the 
urface to surtace It will be seen that the grains at the surface 
larger than at the mid-thickness, but the difference is less on the 
d specimen lhe differences shown by these two samples are not 
rh to have any serious effect on the drawing properties 


discussion by Dr. Ziegler gives a very interesting example of what 


when strain gradients are present in samples of low carbon material 


ealing \s he has poimted out, there must have been a difference 
unt of strain across the cross section of his tensile samples, or he 
t have gotten such wide variations in grain-size around the surface 


e mid-thickness His experience has been duplicated by others who 


ttempted to grow grains ot a certain size as an experimental method tor 


material upon which to conduct such experiments as are necessary 


h the relationship between grain-size and physical properties. lhe 


n in Fig. 8 of the paper were obtained on material that was cold 


rious amounts and then annealed. Probably that method of deformation 


in a litthe more untform strain over the cross section than straining 


because the grain-size was quite uniform in each sample. 





THE INFLUENCE OF GRAIN-SIZE ON MAGN 
PROPERTIES 


By W. E. RupDER 


Abstract 


The difference of opinon now existing upon 
effect of grain-size on magnetic hysteresis oss Is apt 
ently due to a number of factors which have not alz 
been considered important by those who heats studied 
problem. From data presented herein the author | 
cludes that while grain-size does = the hyster 
loss, other factors, such as purity, method of preparat 
size of specimen, and heat ieee. are much more 
portant, and variations in these may easily mask 
effect of grain-size alone. He also shows that 
hysteresis in single crystals of the same chemical 
position and heat treatment may vary as much as 2 
depending upon the orientation; an effect z ery simula 
that observed a number of years ago with respect 
magnetization. 


N reviewing the mass of data bearing upon this general subject, 
which have accumulated over a long period of years in this 
laboratory, the first impression is one of confusion. A glance 
through the literature on the subject, which has increased consider- 
ably during the last few years, adds to rather than clears up this con- 
fusion. Daeves (4),2 Von Auwers (5), Honda (6), Von Moos (7 
Oertel, Wimmer (8), Yensen (3, 9), and a number of others have 
contributed valuable data, and yet a general correlation of such data 
appears to be impossible. Still we find a general agreement that 
grain-size is important. 
In searching for a possible reason for the variation in magnetic 
~_— reported by different investigators, we find differences first, 


1 purity, second, in method of preparation (mechanical), third, in 


size of specimen, sak fourth, in heat treatment. While the effect ot 
the first is usually recognized, the second and third are given very 


‘The figures in parentheses refer to the bibliography appended. 

A paper presented as part of the Grain-Size Symposium of the 5ixteent! 
Annual Convention of the Society held in New York City the week of October 
1, 1934. The author, W. E. Ruder, a member of the Society, is associated wit! 
the Research Laboratory of the General Electric Co., Schenectady, \ \ 
Manuscript received July 5, 1934. 
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ntion. Von Auwers (5) used a 0.95 millimeter diameter 
nsen (9) tested rings 19 by 25 by 25 millimeter deep, while 
1), Oertel (7), Wimmer (8), and others made their ex 

ts on .35-millimeter sheets. It seems to have been generally 

| that the grain-size effect must be due entirely to boundaries 

discontinuities usually associated with them, and so have no 

to the dimension of the grain which is perpendicular to the 

ux; namely, the cross section of the specimen. For grains con- 

bly smaller than the thickness of the specimen, this effect would 

eligible, but for large-grained pure iron or silicon-iron, it be- 
very Important. 

four rings, all cut from the same ingot of 5 per cent silicon-iron 

made from electrolytic iron and pure silicon, vacuum fused, and 

but #1, 50 millimeter outside diameter by 40 millimeter inside 

meter with different thicknesses as shown, were annealed in 

lrogen for 24 hours at 1350 degrees Cent. (2460 degrees Fahr.) 


) remove strains as far as possible and reduce incidental impurities. 


Ring #1 was cut from the ingot without any working and was 26 


illimeter outside diameter, 22 mullimeter inside diameter, and 5 


« 


millimeter deep 


\ summary of the magnetic test data is given in Table I. 


Table I 
Magnetic Properties of 5 Per Cent Silicon Iron at 10 Kilogausses Compared to 
Grain Volume and Area 


Hyst. mm? 
Ergs Per mm Grain 
[Thickness He cm*® Residual Mu Max. Grain Vol Area 
».0 mm 0.115 252 600 16910 525150—3 ? 
2.0 mm 0.097 258 1350 16600 14. 
1.0 mm 0.090 300 3100 18600 4.3 ais 
0.38 mm 0.186 720 2800 7770 238 .70 
*Three grains total. 
the coercive force (one-half the width of the hysteresis loop) expressed in 


maximum permeability or maximum ratio of induction to magnetizing force. 


While #1 and #2 are different sized rings, their section (2 x 5 
millimeter) is the same and their hysteresis loss very nearly so. A 
similar test made on unalloyed electrolytic iron treated in the same 
way as the iron-silicon rings gave results as shown in Table Il. 


in both cases the hysteresis increases very rapidly as the thick- 


of the test sample decreases. To be sure, the surface area of 


rain is also a factor, but, as in the case of #3 and +4 elec- 


tic iron, its effect may be reversed by the thinner specimen. 
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Table Il 


Magnetic Properties of Electrolytic Iron at 10 Kilogausses Compa: 
Grain Volume and Area 


Ilyst 
Ergs Per mm"* 
Thickness ‘ em Residual Mu Max. Grain Vo] 
0 mm 13 7400 16090 
0 mm 2 442 8100 24380 
1.0 mm 6 200 12890 0) 
0.38 mm KY 711 4100 9110 0.875 


"Grain count in the case of the electrolytic iron was very unreliable 
very great irregularity in size and shape ot the grains 


In order to check the effect of thickness alone withor 
in grain-size, rings #2 and #3 of Table I Silicon Iron 
down from 2.0 to 1.0 millimeter and from 1.0 to 0.5 milli 
spectively, reannealed 12 hours at 1300 degrees Cent. (2371 


lahr.) in hydrogen, and retested. 


Table Ill 
Magnetic Properties of Specimens 2 and 3 of Tables | and II 
RB LOo0dd 


Thickness ll vsteresis Hy Residual Mu } 
No Before After Before After Before After Before After fefore 


mm 1.0 mm SS 96 0.097 0.100 1350 1450 16600 
l mm 0.5 mm ,00 348 0.09 0.119 3100 2650 1860 


\ careful check of grain-size before and after the cuttn 
reannealing revealed no change in surface grain-size or shape 
duction in thickness alone increased the hysteresis to almost th 
value of the #3 ring in the first test and increased the #3 ring 
lO per cent. 

Let us now consider the possible effect of mechanical treatments 
wo Epstein samples of a commercial grade of silicon steel, not trot 


the same heat, but having ladle analyses very nearly the same 


Hot-rolled  Si-3.10, Mn-0.10, S-0.025, P-0.008, C-0.04 
Cold-rolled Si-2.96, Mn-0.09, S-0.022, P-0.01, C-0.05 


were annealed in hydrogen at 1100 degrees Cent. (2010 degrees 


ahr.) for 8S hours. 


Table IV 
Loss RB LOOd0O 
Total Hyst. Eddy 


0.497 0.299 0.198 
0.456 0.264 0.192 
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ese are but two samples selected from a large number of 
tests showing that grain-size, as such, bears an exactly oppo 
ition to hysteresis loss. Sample A, with a grain area about 18 
at of Sample B, has a hysteresis loss 11.7 per cent higher. 
atment 1s also an important consideration, as may be seen 
he following examples: 
hree Epstein samples of 0.014 inch transformer sheet, 4.33 
nt silicon, box annealed for 4 hours at 800 degrees Cent. (1470 


Fahr.) and slowly cooled, pickled, and tested at B 1OO00 


cles: 


Table V 


Watt Loss B 10000 
Approx 

Hyst. Grain Area 

0.329 i 0 

0.392 1.0 

0.424 , 0.2 


sq.mm 
sq.mm 
) Sq.mm. 


(hese show an increased hysteresis and a decreasing eddy loss 


with diminishing grain-size. The samples were then reannealed for 
24 hours at 1200 degrees Cent. (2190 degrees Fahr.) in hydrogen 
to remove all strains and reduce impurities. After this treatment 


testS were: 


Table VI 


W att Loss B 10000 

Approx. 
Total Hyst. Eddy Grain Area 
0.477 0.343 0.134 14 
0.487 0.353 0.134 |! 
0.416 0.272 0.144 ly, 


> Sq.mm, 
» Sq.mm. 
» Sq.mm, 


Complete recrystallization had taken place so that the average 
) 
size OF = 


+2 and +3 had increased while that of +1 had decreased. 


a 


Rearranged into three new samples according to grain-size after 


crystallization : 


Table VII 


Watt Loss B 10000 

Approx 
Total Hysteresis Eddy Grain Area 
0.474 0.358 0.116 2.0 sq.mm 
0.454 0.329 0.125 0.60 sq.mm 
0.437 0.316 0.121 0.45 sq.mm 
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While grain area given here is probably far from a 
represents the best possible selection of etched strips with 
ments made on a tew of representative size. Here we aga 
reversal of relationship, the larger grain having both highe1 
and higher hysteresis loss. 

A series of seven rings 234 inch inside diameter by 334 
side diameter were cut from a commercial lot of motor gra 
inch sheet, 2% per cent silicon, annealed for 2 hours at 850 
Cent. (1560 degrees Fahr.), pickled, and assembled into sa) 
thirty laminations each. Magnetic test results at B 10000 


Table VIII 


Hyst 
Residual Ergs/cm 

8700 2720 
R1O0 2090 
1925 2030 
6500 1520 
9400 1310 
S00 1510 
$400 1365 


Ilere, with one or two exceptions, we find a fairly good cort 
tion; that is, coercive force, residual, and hysteresis all decreas 
increasing grain-size. No. 5 1s an exception, and examination 


ular 


wot 


structure showed the grains to be smaller but much more 1 


han those of #4, #6, or #7. These rings were then 


_ 


shape t 
annealed in hydrogen for 24 hours at 1200 degrees Cent. (2190 


yrees Ifahr.) and retested. 


Table IX 


Hyst. Approx. mm 
Residual Ergs/cm® Grain Area 


> 


750 685 mixed .5—6 
3300 590 es 
2500 690 10.0 


2550 751 3.8 


7» 9 


2950 703 5.6 


2500 659 12.5 
) 7 >¢ re 


2550 725 9.0 


\fter this heat treatment the grains were all large and 
various laminations in each sample were not all the same; hence wt 
could hardly expect any accurate reflection of grain-size. The lowest 
hysteresis ring, #2, could readily be picked out, after etching, b 


cause of its greater brilliancy, possibly due to preferred orientation 
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1 


Q 0 plane parallel to the surface. Che important point 
out by these examples ot the etfect of annealing is that the 
t effect of grain-size after the first anneal in each case was 
caused more by imperfect annealing of parts of the sheet 
any real grain-size effect, for a reduction of hysteresis of 
>to 4, to 1 by reannealing is greater than can be accounted for 


‘ 


n-sizes of this order of magnitude. 

While a number of workers have written about the etfect of 
tion on permeability, little is to be found about its effect upon 
esis loss. Honda and Kaya (6) and Gerlach (13) mention the 
at single crystals have very low hysteresis loss. Single crystals 
icon-iron alloy used in our previous experiments (10) on 
ability effects were also measured for hysteresis loss; first in 

e condition as tested at that time (annealed in vacuum 1000 degrees 


Cent., and then after reannealing for 24 hours at 1400 degrees Cent. 


) 


2550 degrees Kahr.) in hydrogen. <A re-examination of the struc 


ture after this reanneal showed no visible change. ‘The strips were 


.021 inch thick by 0.5 inch wide and 10 inches long. 


Table X 


Ergs/cem?® Decrease 
Hysteresis H@B 10000 in 
lst 2nd Ist 2nd 2nd Wh by 
Anneal Anneal Anneal Anneal / al Anne: Reann 
24 0.15 836 488 +S 1.8 
0.290 0.17 9?0 623 32 
0.245 0.1 759 548 : 
0.270 0.18 826 638 72 ; Bisa 
0.375 0. Liga 661 d 71 42.7 
0.?900 0 592 365 ) IQ 
0.230 0. 712 379 7 46.7 
0.240 0. 772 440 43 
0.170 0. 545 391 : ] 28 
0.200 0.13 687 $16 Q ) 39 ¢ 
0.150 0. 554 317 5 42 
0.180 0.10! 904 324 L.3 5 


Strips #3 and #3-1, #5 and #5-1, and #10 and #10-1 
were cut in pairs from the same original single crystals which were 
ich wide enough to make two of the 0.5-inch strips. 

Single crystals, then, also vary in hysteresis as much as 3.6 to | 

r different conditions of anneal and orientation and as much as 
| with the same heat treatment and different orientation. More 


there appears to be a relationship between hysteresis loss and 


ntation similar to that existing between permeability and 
ntation. 
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The crystal orientation was determined by X-ray anal 
of the i2 samples (Nos. 1, 2, 4, 6, 10); the angles found a; 
within 2 degrees. lor the rest the orientation was foun 


optical method with an accuracy of about 5 degrees. The 


were first etched in nitric acid (1 part) plus water (10 parts ) 


strip was then mounted on a wooden support and the dir 

maximum light reflection marked by a pin. Three direc 
maximum light reflection were found in all except one cas 
directions forming approximately right angles with each othe: 
are perpendicular to the three cube faces, and their position 
defined by the angles they form with a system of coordinat 
with respect to the strip. The x-axis lies parallel to the lo: 
of the strip, the \ and z-axes in the conventional direction 
orientation is thus defined by the angles which the normals 
faces of an elementary cube made with the coordinate axes, 


the angle between the normal and the x-axis. 


Table XI 
Angle Between Crystal Axes and Coordinate System 


100 Axis 010 Axis 001 Axis 
ay; 8 Qu. Ay By Qu. a; 
85 7 l 3] 62 4 60 

79 23 } 49 68 l 4? 

80 8 2 40 56 3 58 

60 ) 72 60 2 43 

76 2‘ é 3 87 60 

7 ) 3 83 é 89 

86 4< . / 64 18 

82 86 3 45 45 

86 68 3 71 ‘ 71 

7 90 65 4 36 28 

10 , 80 57 } 11 80 3 84 

10.1 ; 80 60 4 10 86 86 


The smallest value of a for every strip is italicized. In the text the symbol A 
for the cosine of this value 


represent at the same time the direction of the (1 00) axes and th 


In Table XI the angles between the face perpendiculars (whucl 


x- (angle a) and y-axes (angle 8) are given. Each angle is th 
average of three separate determinations of maximum reflection 
The figures in the column “Qu” indicate in which quadrant th 
particular crystal axis is located. Table XII shows the coercive fore 
and the losses for the different strips. 

Hysteresis, according to the present view as advanced by 
Heisenberg (16), and Becker, is caused by nonhomogeneous strains 
in the material. A perfect single crystal should, therefore, show no 
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Table XII 
Hysteresis Loss and Coercive Force Losses for Different Strips 


He Wh 
Oersteds Watts/Ilb/cy 

Before d Before After 

0.24 7 0.00500 0.00290 
0.290 17 0.00547 0.00371 
0.245 0.00453 0.00327 
0.270 18 0.00494 0.00380 
0.375 0.00690 0.00395 
0.200 G 0.00353 0.00217 
0.230 1: 0.00425 0.00226 
0.240 .1¢ 0.00460 0.00262 
0.170 d 0.00325 0.00233 
0.200 wee 0.00410 0.00248 
0.150 : 0.00330 0.00189 
0.180 .105 0.00300 0.00193 


hysteresis. These samples, however, still show hysteresis. We 


might conclude that there still are strains left in spite of the thorough 


] 


inneal. In addition to that, the hysteresis varies through a range of 
2 in the different samples, although the crystals have been treated 
in the same manner. A relation to the crystal orientation as the 


nly other known variable could be suspected (10). 


JI 7. 


. nt 
l (lergest Cosine) 


Fig. 1—Coercive Force Before and After Annealing. 


In experiments on twisted wires, Tonks and Sixtus (15) showed 
in a combined longitudinal and circular field where the angle 
veen the applied field and the induction could be changed at will, 
is observed that the coercive force was proportional to the cosine 
the angle between field and induction. In other words, only the 
ponent of the field in the direction of the induction vector is 
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effective in causing reversal of induction. In these sing} 


Dr. Sixtus suggests that conditions are fundamentally sip 
more complicated than in twisted wires because instead of 
are, in general, three directions along which components o 
duction will he. ‘These directions of easy magnetization ar 
to the three edges ot an elementary cube of the cry Stal and 
ponents of induction lie in these directions up to values of 
induction much above 10,000 gauss, at which the hysteresis 
determined. Now if there were only one direction of easy ma 
tion in these silicon-iron single crystals, we should probabl 
just such a dependence of H, and Wy, on the cosine of angle | 
land H. With three directions of easy magnetization, on 
assume that the direction in which the greatest part of the t 
duction lies will determine H,. This direction is that of tl 
which makes the smallest angle with the magnetic field (or 
with the largest direction cosine), say, l,. 

If H, or W, for the annealed strips, however, is plotted a 
|, (Fig. 1), most points, except Nos. 4 and 6, lie close to a st 
line which can be expressed by the equation 


He H,. + A(l I) 


with the constants (after reanneal) H, 0.105 oerst. 
A =0.27 oerst. 


The reason for the increasing discrepancy between theoretical 
(H,/l,) and experimental values may lie in the observation that 

a twisted wire and in a crystal with only one preferred orient 

the internal field structure 1s homogeneous since the I[-vector 

the same direction in all the elementary districts. In these sing] 
crystal strips, however, the districts where I has the a, or a, directi 
act as barriers for the propagation of magnetization in the a, dire 
tion. \n additional field has to be applied in order to overcor 
those disturbing fields, and it has to be the greater th 
evreater the total volume of the a, and a, districts, 1. e., the greater 
a, and a, are or the smaller 1, is. 

A possible reason for the failure of strip #6 to conform with 
eq. (1) lies in the fact that it shows a distinguished crystal orienta 
tion with one axis almost perpendicular to the strip surface and the 
other two at an angle of 45 degrees to the field. It may well be that 
under these simple conditions propagation will proceed wit! 
smaller field than under ordinary conditions. No reason fot 
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ancy in the case of strip #4 can be suggested, except that 
value 1s above the curve, some strain or impurity effect may 
it. 

Fig. 1, H,. before reanneal is also plotted; in Fig. 2 the 
sis loss before and after reanneal. 


(his relationship also offers an explanation for the often ob 


dependence of hysteresis loss on angle between field and 


~~ 


+ 


> Rafar “i ] 
Before Annes/ 


fin * Tne; } 
l (lergest Cosine / 


Hysteresis Loss Before and After Annealing 


< 00 
.0007 


> . ° 
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Fig. 3—Hysteresis—Grain-Size Curves on Electrolytic 
Iron and 5 Per Cent Silicon Steels. 


t 


ng direction in hot and cold-rolled sheets. The working results 
more or less uniform preferred orientation which is quite marked 


n after annealing. In hot-rolled sheets we have found a preferred 
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crystal orientation with a (1 1 0) axis parallel to the rolli 


tion anda (1O0OQ) plane in the surface, and it may be expect 


the loregoimnyg results that the hysteresis should be higher Di 


the direction of rolling than under 45 degrees to this direct: 


we have tound to be true only under certain rolling cor 














1000 1500 £000 
Geuss 


Fig. 4—Variation of Magnetostriction with Orien 
tation. 


Cold-rolled sheets present a different type of preferred orientation 
depending upon the degree of cold reduction and also show minimum 
hysteresis along the direction of preferred orientation. 

Is there then no relationship between grain-size and hysteresis 
loss, other things being equal? Yensen (9), after a very car 
Inquiry, answers in the affirmative. His rings of electrolytic 
were all of comparatively large section (3 by 5 millimeter). T! 
given in Table Il of this paper were of varying cross section, but 
equal gram-size and equivalent thickness give about the sam 
hysteresis value. Since practically all of our grains went through 1 
thickness of the sheet (except #1 electrolytic iron), the volum 
cubic millimeters was readily determined, and Fig. 3 shows a fa 


good agreement with Yensen’s curve, both for electrolytic iron 
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teel if volume of grain rather than area of grain is used. 
ilso be observed that even the lowest hysteresis value (317) 
hin (0.53 millimeter) single crystal strips is not so low as 
st value (252) for the thicker rings, but is nearly the same 
‘{ the ring of nearest thickness. 

then the volume of the grain must be taken into account in 
ition to hysteresis loss; some reason must be found to account 
erain-size effect other than or in addition to that of boundary 


ts, such as impurities, grain-fragmentation or incomplete crystal 


ation. Certainly boundaries would have no effect in single crys 


While the effect of orientation might be expected to average 

in the core of polycrystalline samples, the variation of mag 

tostriction with orientation is still a possible factor (Fig. 4), (11) 

_although at B 1QO00 magnetostriction is very small. Varia 

tion of hysteresis loss at higher densities where change in length 

volume with flux is more pronounced, shows some indication 

that this factor is important, but data available are yet too meager 
draw any conclusions. 

Hysteresis, then, does depend upon grain-size, but to a much 

r extent than upon a number of other factors, such as purity, 

treatment, mechanical treatment, and shape of sample tested. 
llysteresis also bears a distinct relation to orientation, which in turn 

iS an important bearing upon the rolling direction effects observed 
polycrystalline sheets and strips. 

\cknowledgment is made of the assistance of Dr. K. Sixtus, 
who determined the orientations of the single crystal strips and 
worked out the equation for their relation to hysteresis loss, and to 
3. M. Smith who made the magnetic tests. 
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DISCUSSION 


Written Discussion: By T. D. Yensen, Manager, Magnetic | 
Research Laboratories, Westinghouse Electric and Manutacturi 
pany, lxast Pittsburgh. 

he conclusion at which | have arrived on the basis of experim 
dence has been stated in a number of papers and discussions on thx 
some of which Dr. Ruder has reterred to and correctly interpreted 
stated it is this: In bulky samples of iron and tron alloys in which th: 
sions of the grains are randomly oriented and approximately equal in a 
tions, the hysteresis loss (as well as coercive force and maximum perm: 
depends upon the graim-size im such a way that the larger the grains tl 
the loss Ruder first called attenaion to this in 1916, and | supplie 
titative values in 1924 In addition to grain-size, the hysteresis loss « 
upon the impurities in the material, chiefly C, Os, S and P as shown 
by myself and jointly with Mr. Ziegler. In order to obtain a correct idea 
the effect of grain-size, 1t is essential to eliminate the effect of the impuriti 
or to keep these very low. Otherwise the effect ot the impurities may entire 
mask the effect of grain-size this poimt has, | think, been one of the 
causes of the controversy in regard to this subject during the past 10 yea 
it is interesting to note that in a recent paper by Dr. Eilender and In 
ciates in Aachen, | was accused of the error of not having taken the impurit 
into account in trying to determine the effect of grain-size. his, as n 
you know, 1s not the case | have pointed out repeatedly during the | 
vears that the effect of impuritics must be eliminated before we can draw « 
clusions in regard to the effect of grain-size. Differences in language probab! 
account for this misunderstanding. 

Now when we come to thin sheets or strips, it has been apparent | 
time that the case is not so simple as in bulky samples, that some other 
besides size enters the picture The high hysteresis loss obtained 
samples made from thin sheets or in strip samples from ordinary sheet matet 
could not always be accounted for on the basis of impurities and gram 
alone, \s soon as we were able to produce a strip or sheet material 
grains predominantly oriented with the cube edge parallel to the magnet 
force, we obtained a hysteresis loss comparable to that obtaimed in 


samples ot similar composition, 
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‘uder has done much to help clear up this situation by presenting in 
t papel quantitative results in regard to the effect of orientation on 


re loss. l am, however, disappointed in his statement in the next 
‘t paragraph of this paper im which he states “Elysteresis, then, does 
m grain-size, but to a much lesser extent than upon a number of other 
uch as purity, heat treatment, mechanical treatment and shape ot 
sted.” While this statement is undoubtedly true, would it not be 
tter to confine our statement to one tundamental cause, namely, lattices 
because grain-size, which means gram boundaries, impurities, me 
and thermal treatment all seem to have one ftundamental effect im 
namely, to distort the crystal lattice \s we are beginning to think 
tic properties mn terms of the lattice structure, it would seem logical, 
to relate these properties whenever possible to the lattice structure 
Written Discussion: By N. P. Goss, physicist in charge of metals re 
Cold Metal Process Company, Youngstown, Ohio 
Ruder’s paper should be of great interest to all who are interested in 
metic properties of the fterro-magnetic materials and should stimulate 
research on the various factors (which influence the magnetic prop 
that 1s, 
Purity 
Manner in which specimen was prepared (mechanical) 
Size ot specimens 
}. Heat treatment 
Ile points out that while one and four are usually recognized, two and 
have been given very little consideration | should like to add that the 
tic properties of ferro-magnetic alloys depend upon the manner tm which 
rolling, cold rolling and heat treating are distributed during processing 
My results show that the watt losses can be reduced to a very small value 
material is processed by proper distribution of hot rolling, cold) rolling 
heat treatment \nother factor of great importance and usually not con 
red at all is the perfection of crystallinity 
\t the present time most authorities believe that the hysteresis in large grain 
on iron specimen is smaller than the corresponding fine grain specimens 
Ruder, after making an exhaustive survey on various specimens, comes 
conclusion that the hysteresis loss does depend on the grain-size (micro 
) to some degree, but that the factors already mentioned are otf greater 
rtance, 
From the results of my own work I have found that the hysteresis loss be 
smaller as the grain-size decreases provided the final product has single 
tal characteristics, therefore, these results are again in agreement with 
Ruder’s. 
In his experiments the test specimens were all annealed at extremely high 
ratures in hydrogen for long periods ot time Under such conditions 


urity of these iron-silicon alloys were improved and the hysteresis greatly 
d 


should like to ask whether or not the results would have been the same 


e samples been heat treated in a neutral atmosphere, atid also what 


would have resulted had lower annealing temperatures been used: 
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Fig. 1--Hot-rolled Silicon Steel Strip Given an Area Reduction of 6 
Per Cent X-ray Beam Transmitted Normal to Strips Surface. 

big -Hot-rolled Silicon Steel Strip After Being Given an Area Re 
tion of 92 Per Cent The X-ray Beam Was Transmitted at Right Angles to tl 
Surtace of the Strip 

Fig. 3 Che A-ray Structure of a Hot-rolled Sheet 0.014 Inch After P 
Rolling Che X-ray Was Transmitted Perpendicular to Surface 

Fig. 4——-N-ray Structure of a Hot-rolled 0.105 Inch Thick Strip X-ray 
as Shown in Fig. 4A 


It is remarkable to find a hysteresis loss of only 680 ergs cm’/ se 


heating an ordinary motor grade of 2% per cent silicon steel in hyd 
at 2190 degrees Fahr. for twenty-four hours. See Tables VIII and IX and 
reter ot specimen No. 1, | believe these hy steresis losses are lower than eve 
reported on this grade of material [ would like to ask whether the results 
ot these experiments would mean that high grade silicon-iron alloys used 
electrical machinery will be of relatively low silicon content in the future 

In view of the great reduction in hysteresis it would be of interest to know 


the value Ot «@ max and LL 16.000 - 


In Table LV the possible effect of different mechanical treatments art 
sidered; that is, the cold rolling and hot rolling are compared. Howeve! 
betore the results given can be accepted a complete log of the various st 
trom the ingot to the finished specimens must be given. The equivalent 
work® in the hot-rolled specimens prior to the final heat treatment should b 


cts of Cold Working on Physical Properties of Metals by R. I l 
September, 1929, 
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ed so that a direct comparison can be made to the cold-rolled structure 
the final heat treatment. It was of interest to know that under certain 
s of cold working the hysteresis in the direction of rolling can be mack 

than at an angle of 45 degrees to this direction. I would like to know 
rolling conditions are in order to obtain these results 

page 1130 Dr. Ruder states that cold-rolled sheets present a different 


preferred orientation depending on the degree of cold working. 


Rolling 


4 


# direction 


Fig. 4A—lIllustrating What is Meant 
by Principal Direction 


from my own work on the cold working of hot-rolled strip the X-ray 
hows that only one type of orientation can exist, but becomes of great intensity 
is the amount of cold work is increased. 

| also find that as a rule only a weak fibre structure is developed in the 

of rolling for reductions not exceeding 70 per cent. 

lig. 1 is the X-ray Laue pattern of a specimen given an area reduction of 
> per cent while in Fig. 2 the same material is given an area reduction of 92 
per cent. In contrast Fig. 3 is the X-ray diffraction pattern of a hot-rolled 
heet ready for the final heat treatment. 

Che most intense fibre structure is never developed in the plane of rolling 
ut in the direction shown in Fig. 4A. This I prefer to call the principal 


tion 


lig. 4 is a diagram made of silicon-iron hot-rolled strip in which the X-ray 

beam was transmitted in the principal direction; whereas, lig. 5 is the structure 
ter heat treatment. 

Now let us see what happens when this heat treated hot-rolled strip is 
riven various area reductions. 

hig. 6 is the X-ray diffraction pattern after it was cold-rolled from 0.105 

96 inch. 

lig. 7 after cold rolling from 0.105 to 0.056 inches. 

While in Fig. 8 is a diffraction pattern after rolling from 0.105 to 0.036 

and shows conclusively that the type of prefered orientation remains the 

but the degree of orientation does vary. 


Gram-Sise or Crystal Structure 


vow it may be argued that the microscope does not measure the true grain 


and certainly does not tell us anything about the internal structure. The 
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Fig. 5—-The X-ray Structure of Hot-rolled Strip After Being Heat Tr 
and X-rayed in Principal Direction 

Fig. 6 Che Heat Treated Hot-rolled Strip Shown in Fig. 5, Aftes 
Cold-rolled from 0.105 to 0.096 Inch 

Fig. 7 Heat Treated Hot-rolled Strip After Being Cold-rolled from 
to 0.056 Inch 

Fig. 8—Heat Treated Hot-rolled Strip Cold-rolled from 0.105 to 0.036 I: 


grains viewed under the microscope may actually be composed of many 
ary grains 

his would mean that the structure is mosaic instead of being comy 
ot real single crystals or grains. F. Zwicky defines a mosaic crystal as a real 
crystal composed of tiny crystal fragments which are slightly displaced o1 
clined relative to each othet Chat such grain distortions can be pt 
during heat treatment is presented by Professor Nusbaum and myself at t! 
meeting. (“Grain Distortion During Heat Treatment.” ) 


Radial asterism as found in X-ray diagrams tells us about the 


condition of the grains and which in the past has been considered to be 


dication of stresses or strains existing in such materials. I will now 
a few X-ray diffraction patterns illustrating the difference between real c1 
and mosaics. 

ig. 9 is the X-ray Laue diagram of a pure electrolytic iron which was 
rolled from 0.050 to 0.002 inches and annealed at 800 degrees Cent 


structure represents a nearly perfect crystal structure in that all of the 
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9—Pure Iron Strip Cold-rolled from 0.050 to 0.002 Inch and Heat Treated 


grees Cent 

\—A Single Crystal of Silicon Steel 

1—One Form of Mosaic Structure 
A Single Grain From a Small 

ray Showed It to Have a Fibrous Structure 


{ 


Silicon Steel Ingo It Wa KE quiaxed 


| 
l 
I 


ree of grain distortion and the metallic aggregates are composed of small 


of internal imperfections. | have found that as a rule 


‘le crystals free 
tructures can only be produced in relatively thin materials 

In Fig. 10 the crystal structure of a single crystal of silicon steel grown im 

trip only 0.010 inches thick at 2200 degrees lahr. is shown It is nearly 
t in crystal structure and represents a single crystal. 

lig. 1l is an X-ray spectrogram of one type of mosaic crystal structure. 

will note that each of the diffraction maxima are actually 
lines parallel to each other. In other words, what was 

composed of several having approximately 


composed ot 
thought to be 


rle crystal was actually the 
rientation. 
In Fig. 12 a single grain removed from a small silicon steel ingot is shown 


represents another type of mosaic in which the structure has a_ fibrous 
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yO roe 1TO/V0 
oO 100° 120° 14° 


Torsion Magnetization Curve of a Single Crystal, Showing that 
Magnetization is Possible Only in Two Directions. 


character. This grain appeared to be a single crystal about ™% inch in dian 
therefore, in view of the X-ray diagrams which | have shown; and bei 
Ruder can conclude that hysteresis and grain-size are not related he must s! 
by X-ray spectra that all of specimens tested were composed of real 
and not mosaic or-crystals having internal imperfections. In other wor 
hysteresis loss is related to the internal structure of the grains rather than t 


grain-size as observed under the microscope. 


Single Crystals 


Dr. Ruder’s results made on the single crystal strips described on pag 
and which he had originally presented in TRANSACTIONS in July, 1925, 
the utmost importance, especially in that hysteresis depends on the directior 
which the crystal 1s magnetized. 

I will offer an explanation for the variations found in hysteresis and perm 
ability in various crystallographic directions. It can be shown by the 
a Torsion Magnet that single crystals of any ferro-magnetic material 
characterized by a magnetic moment, the magnitude of which is given 
moment ot the couple expressed by the Vector quantity M x H_ wher 
the magnetic moment and H is the field strength. In other words, w 
single crystal disk is suspended in the field of a Torsion Magnet and rotat 
it will experience a torque, the magnitude of which is the tensor of M 


. . 
and depends only on the moment of the elementary magnets given by - 


ds M where M represents the pole strength and ds is the distance betw 


the elementary dipoles. The magnitude of the magnetic moment is relat 
the intensity of magnetization for any given field strength H. If we | 


t 


volume distribution of magnetic material of volume dv then the result 
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{ all the elementary magnets in the element are replaced at a single 
M divided by dv and 1s defined as the intensity of magnetization 
given crystallographic direction and is the moment per unit volume 
M. This means that single crystals can only be magnetized with ease 
crystallographic directions. In the case of higher silicon single 
it has been shown by Honda, Kunz, Ruder and Yensen that the [100] 
lirection of easiest magnetization followed by [110.] Dr. Ruder has 
vely shown that the hysteresis is lowest in the [100] direction. 
en such crystals are tested in the Torsion Magnet the greater the de 
the greater the intensity of magnetization for any given field strength 
is, the greater the tensor value of | dv x H the greater is the perme 
ind the lower the hysteresis. By using Poissons equation it can be shown 
H+ 47I ) 0 the new Vector H —-- 47 | Bois the magnetic 
ion. This means that for any given H, B depends on | which in turn is 
tion of the magnetic moment per unit volume. In the case of single 
iron crystals removed from hot and cold-rolled sheets in which large 
ls can be grown torsion magnetization curves of the type shown in No, 14 
lways found. ‘These curves are always characterized by 4 maxima one 
lich are twice as high as the other two. This means that the permeability 
twice as great in one direction as in the other and the hysteresis varies in 
the same ratio. 
question I would like to ask is, does the equation given on page 1128 
nto consideration that single crystals can only be magnetized with ease in 
directions in which the paths are at right angles to each others 
Written Discussion: By N. A. Ziegler, Power Use Research Depart- 
nt, The West Penn Electric Company, Pittsburgh. 
lt is gratifying to hear from Dr. Ruder a confirmation of my own opinion 
“hysteresis does depend upon grain-size.” It is also very interesting to 
that “hysteresis bears a distinct relation to orientation.” This is a novel 
ea which requires a very careful consideration and further investigation. 
In regard to the numerical data presented by Dr. Ruder, his own opinion 
at purity of a sample is, perhaps, the most important factor determining 
its magnetic properties, should be amplified. In a paper presented at this 
meeting, jointly with Dr. Yensen, the effect of carbon (all other factors being 
eliminated) and oxygen (all other factors being eliminated) on hysteresis 
maximum permeability of “pure” iron is demonstrated. It is clear that 
lifference of even a few thousandths of one per cent of these two elements 
profound effect on the magnetic properties of unalloyed iron. Carbon 
similar effect on the magnetic properties of silicon alloys, which may 
idged from the earlier results by Dr. Yensen, and from our results which 
be presented at a later date. 


\ variation as small as a few thousandths of one per cent of carbon may 


be introduced to a magnetic sample by the heat treatments, and, for this 
it is felt that unless a complete chemical analysis of every magnetic 
after its magnetic testing is completed, is given, its history is incom 
This is particularly true about carbon which must be determined in 
magnetic sample individually with an accuracy of at least + 0.001 per cent. 
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Written Discussion: By R. S. Dean, chief engineer, metallur; 
sion, U. S. Bureau of Mines, Washington, D. C 

Phe conclusions trom this very careful work by Dr. Ruder do 
to warrant a definite connection between grain-size and magneti 
Our work in the Bureau of Mines on mineral powders has led y 
definite and clear cut relationships of this kind that we are hopeful 


relations do exist for steel but may require a revision of our idea 


O18 O84 


Specific Surface (As reciprocal micrens*) 


size. A revision which in point of fact is being made by the steel metallu 
generally as indicated by the papers of this symposium. 

Dr. Gottschalk has measured the coercive force of very carefull) 
magnetite powders, keeping the packing density closely constant. His 
are shown in above figure. The linear relation between specific surfac 
coercive torce 1s quite evident. 

In view otf the clear cut nature ot these results we are inclined to thu 
that coercive torce ts a definite measure of what may be termed “internal surfac« 
which may result from grain boundaries as ordinarily described, precipitat 
phases, glide planes, or other discontinuities. The coercive force in steel may 
then be a measure of grain interface 1f we define a grain as a continu 
“homogeneous volume of metal lattice.” It is suggested that such homoge: 
volumes are the determining factor in potential grain-size after harden 


Some experiments are under way to test this suggestion. 


Author's Reply 


Che remarks made by Dr. Yensen and Mr. Ziegler, referring to ther 
quantitative results on the effect of purity of the material on hysteresis los 
and on permeability, are well taken. To date no one has been able to chal 
lenge any of the results which they have obtained through their caretul 
painstaking research Che only question which I[ have raised in my pr 
paper concerns the validity of expressing the effect of grain-size on magnet 


properties in terms of surface area as Dr. Yensen has done in his prey 
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that 





fs | have attempted to show grain volume rather than grain 
the only fundamental way in which this relationship can be shown 
his disappointment in my general statement about the effect of grain 
hysteresis and the only reason | can give tor making it is that it is 
yeneralize further and say that lattice distortion is the fundamental 
uld be goime a little further than the evidence justifies lL am in 
o believe that stresses set up by magnetostriction, which differs with 
entation from grain to grain, may be the tundamental cause for the 
ize effect in reasonably pure metals or alloys. If that is proven to be 


might generalize grain size effect as being one of crystal lattice 





von 
yr, Dean presents interesting data on the effect of grain-size of mag 
tite on coercive force, and I can only share with him the hope that such 
a relationship as we find in iron-silicon alloys and pure iron can be corre 
lated with Dr. Gottschalk’s results. We have done some work on powders of 


le silicon-iron alloys, but our data are not comparable to those reported 


writt 
by Dr. Dean. Perhaps a study of the metal powders made up in a similar 
way to the magnetite might prove interesting. 

\ partial reply to Mr. Goss’ remarks has already been presented in my 
discussion of his paper read earlier in the week. The reason for annealing 
my samples at a high temperature and in hydrogen was to free them as much 
as possible from the effect of residual strain and incidental impurities, and 
the results would not have been the same had such treatment not been used 
lhe low hysteresis losses reported on some of my 2'% per cent silicon sheets 
do not necessarily mean a trend away from the higher silicon alloys. The 
choice of the silicon content depends on the variety of engineering factors which 
must be considered. The permeability values asked for were not unusual 
[he maximum permeability was about 7000 and the permeability at 16,000B 
was about 400. The conditions under which 45 degree properties are superior 
to with-rolling-direction properties occur after hot rolling and not cold rolling 

While Mr. Goss may well argue from his X-ray pictures that no preferred 
orientation exists in annealed cold-rolled strip, our own results obtained by 
optical methods show a prevalence of distinct types of preferred orientation 
varying somewhat with the degree of cold rolling, and these orientations are 
directly related to the magnetic properties of single crystals similarly oriented. 
lf mosaics exist in the single crystals or poly-crystals we have studied, they 
will certainly be expected to have an important effect on magnetic properties, 
is we believe that any discontinuity in the crystal lattice would do this. We 
have reason to believe, however, that under the conditions of mechanical and 
heat treatments used our samples were probably quite free from such dis 


urbances. 




























FACTORS DETERMINING THE IMPACT RESIS) 
OF HARDENED CARBON STEELS 


By Howarp Scott 
Abstract 


Recognizing the possibility of greater significa 
attaching to impact tests on hard steels than on soft, i 
pact tests were made on a variety of fully hardened cari 
steels of medium carbon contents, using a Charpy ty, 
specimen with a special notch. No pronounced maximu 
in impact resistance at low tempering temperatures w 
disclosed by this test. Complete solution of ferrite x 
found to be essential, however, for full development 
impact resistance. 

Comparing various compositions as quenched fron 
S30 degrees Cent. and tempered at 300 degrees Cen 
nearly all impact values corrected for hardness differenc: 
fell within one of two widely separated groups. Labora 
tory melts deoxidized with manganese and silicon alon 
fell in the low impact group as did one commercial steel 
Certain additions of aluminum and vanadium brought thi 
impact values consistently in the high group. 

Aluminum treated steels had a fine austenitic grain 
size and gave high impact values at hardness values uf 
to 000 Vickers (55 Rc.) at least, while coarse grained 
steels lost impact resistance above 400 Vickers (41 Rce.). 

Observations on highly purified steels indicate that 
greater need for additions which restrain grain growth 
will accompany advances in this direction. 


INTRODUCTION 


ESPITE the great amount of work that has been done on 
the notched-bar impact test, opinion remains divided concerning 
its significance with regard to service failures. Davidenkoff (1)’ 
ably supports the contention that standard tests have no implica- 
tions as to allowable impact stresses in large structures. Neverthe- 


less Greaves (2) finds from extensive practical experience with large 


1The figures appearing in parentheses refer to the bibliography appended to this paper 


A paper presented as part of the Grain-Size Symposium of the Sixteenth 
Annual Convention of the Society held in New York City the week of October 
1, 1934. The author, Howard Scott, a member of the Society, is associated 
with the Research Laboratories of the Westinghouse Electric and Manufactur- 
ing Co., East Pittsburgh, Pa. Manuscript received June 30, 1934. 
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s that steels falling below a certain impact value determined 
nventional test are decidedly liable “to fail prematurely un 
calized stress.” Their divergent views, however, are based 
ts of soft steels, that is, steels in the pearlitic or sorbitic con 
Tests on hard steels, martensitic or troostitic, may on the 

hand lead to widely different conclusions. 
Martensitic and troostitic steels are widely used in service where 
npact loading is the rule, for example, in gearing, springs, cutting 
twist drills and dies. The impact resistance of such steels 
is of much lower magnitude than that of the softer steels. On this 
.ccount alone differences in impact resistance should be more signifi- 
in them than in high impact steels, because the impact re- 
sistance of the softer steels, even though relatively low, is usually 
idequate to withstand service impacts. Furthermore they are used 
sections whose dimensions are comparable to those of standard 
notched-bar impact test specimens so one may properly expect to 
find more sharply defined relations between service performance and 

mpact resistance in the harder class of steels. 


Anticipating that some useful findings would develop from a 
study of impact resistance as influenced by composition and _ heat 
treatment of fully hardened and moderately tempered carbon steels, 
such an investigation was started several years ago. The results 


obtained are now especially pertinent since a close relation between 


impact resistance and grain size of hardened steels is becoming ap- 


parent. (3) 


Grain-size in turn is recognized as a major factor determining 
the ability of hard steel to withstand the punishment of quenching 
ind grinding. (4) It also has a dominant influence on penetration 
of hardening. (5) The writer has found a coarse grain-size asso- 


int 
ciated 


te nN . - . . . . - 
- | with failure under static bending stresses estimated to be safe 


rning 


trom tensile tests. Hence notched-bar impact tests on hardened 
(1)? steels have implications as to their ability to survive heat treatment 
and grinding, liability to service failure and hardenability. This 
conclusion suggests that the impact properties of hardened steels 
are deserving of systematic study. 


lica- 
rthe- 
large 


MATERIALS, TREATMENTS AND TESTS 


When undertaking to determine impact resistance of steels 
ler than 400 Brinell, cutting of the A. S. T. M. standard notch 
heat treatment was not considered practicable or desirable. 
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Cutting of notches before treatment is certainly undesirab|: 
of the danger of adverse effects from possible oxidation, 
or residual stress concentration in the notch. As a con 
notches of a more convenient shape were ground in the im; 
specimens after heat treatment and finished by lapping t 
transverse scratches. A Charpy type specimen 0.394 inch squ 
1.58 inches between supports was used with notch 0.062 inch 
and 0.079 inch deep. 

Impact tests were made on an Amsler machine of 121 
pounds capacity. Three breaks were made on each specimen 
was handled in one piece up to the time of testing. The t 
adequate sensitivity for the purpose and the results wer 
consistent. 


Vickers hardness tests were made on every specimen tested 


impact. Since the Rockwell hardness scale is more familiar to most 


readers, conversion valves are given in Table I. These data are take; 
from a paper by Sawin and Stachrowski. (6) 

A variety of steels was tested but most of them fell within th 
carbon range of 0.4 to 0.5 per cent. Compositions are given i1 
Table II and include analysis of nonmetallic inclusions extracted 
by the electrolytic method of Fitterer. (7) Aluminum was dete: 
mined by the phosphate method so that the reported values include 
at least part of that present as alumina. 

Certain of the commercial steels were made under the supe: 
vision of Dr. C. H. Herty, Jr., who furnished samples for test. Thy 
Furnace practice used in making these steels is fully described els 
where. (8) These steels are identified in that paper by heat num 
bers as follows: 

Steel Number Heat Number 
94 49212 
103 31058 
104 33048 
105 44100 

The 2900 series of steels was made in a high frequency induc 
tion furnace as a part of this investigation. Charges weighing 18 
pounds were melted in magnesia-lined graphite crucibles. The melt- 
ing stock was Armco iron. Additions of carbon, manganese, sill- 
con and aluminum were made in the order listed. The ingots were, 
unless otherwise noted, cast shortly after the last addition into square, 
tapered, steel molds 10 inches long and forged to 1% inch round and 
'4 inch square bars, impact specimens being machined from the latter. 
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ice it was essential for the announced purpose to obtain a 
ely martensitic structure as quenched, particular attention 
ven to the problem of a powerful and reproducible quench. 
is of this problem (9) suggested that a submerged water spray 


would give as fast and reliable a quench as is practicable. 


Table I 
Comparison of Vickers and Rockwell “C’’ Hardness 
from Data of Sawin and Stachrowski 


Rockwell ‘*C’”’ Vickers Hardness 
Hardness (50-kilogram load) 
65 880 
60 740 
55 615 
50 519 
45 451 
40 392 
35 342 
30 300 
25 266 
20 235 


\ round tank of the dimensions given in Fig. 1 was used with a tap 


vater supply under about 80 pounds per square inch pressure. 


d sections through 1l-inch diameter rounds quenched in this 
bath showed that it gave unusually deep and uniform penetration 

hardening and a high degree of reproducibility. 

Specimens were heated for quenching in an electric furnace 
without atmospheric control. A quenching temperature of 830 de 
rees Cent. (1525 degrees Fahr.) was used except where otherwise 

Tempering was done in oil and fused salt baths for a period 
of 40 minutes at temperature. 


TEMPERING RELATIONS 


lwo commercial steels, Nos. 94 and 95 of Table II which dit- 
fered widely in impact resistance, were studied in some detail. Im- 
pact and hardness values of the steels are plotted against tempering 
temperature in Figs. 2 and 3. There is a region of rapid rise in 
pact resistance of both steels on tempering at temperatures between 
300 and 400 degrees Cent. (570-750 degrees Fahr.). Since the 
hardness does not diminish correspondingly, the relation between 
ict resistance and hardness, if any, is non-linear. Impact re 
nce, nevertheless, is closely related to hardness, as will be shown 
ntly. 


Luerssen and Greene (10) have observed a prominent maximum 
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in the torsional impact curve of 1.1 per cent carbon steel 


‘t 
180 degrees Cent. (355 degrees Fahr.). Indications of 


effect in bending impact may be seen in Figs. 2 and 3. that 


curves tend to flatten out after rising to the 180 degrees Ce; 


degrees Fahr.) tempering temperature. The absence of a 





1—Submerged Water Spray Quenching Tank Used in 
Hardening All Test Specimens. 

higher temperature, however, is noteworthy in view of the torsio 
test results. An explanation of this difference between these 1 
should be sought in the mechanics of the respective types of failures 

lor the first step in establishing a broad relation between in 
pact resistance and hardness, these properties for each treatme: 
were plotted against each other as in Fig. 4. This eliminates tem 
pering temperature as a variable considered and permits one to se 
clearly the effect of quenching temperature. That factor has littl 
influence on the brittle steel, No. 94, while it has a pronounced effect 
on the tough steel, No. 95. Surprisingly, the low quenching tem 
peratures, 780 and 800 degrees Cent. (1435-1470 degrees Fahr 
were harmful, presumably because of free ferrite. At least fr 
ferrite was not present in No. 94 as quenched from 780 degrees Cent 
(1435 degrees Fahr.), but still remained in No. 95 as quenched from 
SOO degrees Cent. (1470 degrees Fahr.), Fig. 5(c) and (d). Th 
higher quenching temperature required for No. 95 is due not onl) 





Table Il 
Compositions of Steels Tested 


sition Per Cent 

\l 
Commer 
O04 

O10 

OOS 

O08 

OOO 

UU 


.020 


Furnace 3, m luminum Ad 


OOO QV 


ci.0 Co) 
with Aluminum A 


OOO 000 


() 


118 
1) 
st) 

ts 

O70 

O84 


(0 


ogen Purifies 


OOO 


to its lower carbon content, but also to a much higher content of 


visible nonmetallic inclusions, Fig. 5(e) and (f), with attendant 
local impoverishment of carbon content. 

Che expedient already adopted of plotting impact resistance 
inst hardness offers also a possibility of comparing different com 
itions of steel. The curves for steels Nos. 94 and 95 as quenched 
m &30 degrees Cent. (1525 degrees l‘ahr.) are so plotted in ig, 

6 and show clearly the superior toughness of the latter steel. To 
nimize the number of tests required for comparing different com- 
tions in this manner, the remaining steels were compared with 
two just described, using only one tempering temperature, 300 
rees Cent. (570 degrees Fahr.). Hence, if the steel compared 


ifferent in carbon content from the standard, comparison at the 


hardness value implies difference in tempering temperature. 
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The carbon content range, however, is small, so no mate: 
is introduced by SO doing. 

Plotting observations on induction furnace steels o| 
ent carbon contents in Fig. 6, one may see that the effects 


\ 


bon variations within moderate limits are roughly equivalent { 


Fig. 2—-Variation in Hardness and Impact Value of 
Steel No. 94 with Tempering Temperature. Specimens 
Quenched From 800 Degrees Cent. (1470 Degrees Fahr.). 


[ - 


Fig. 3—Variation in Hardness and Impact Strength 
of Steel No. 95 with Tempering Temperature. Specimens 


> 


Quemched from 830 Degrees Cent. (1525 Degrees Fahr.). 


tion in tempering temperature. That is to say, both carbon contet 


and tempering temperature are secondary variables so far as 
comparison of steels over 400 Vickers hardness which differ 
moderately in carbon contents is concerned. This fact justifies 


basis already chosen for comparison of compositions. 


¢ 





RESISTANCE OF CARBON STE! 
COMPOSITION FACTORS 


‘content difference in the elements responsible for the strik 
ference in impact resistance between steels Nos. 94 and 95 


ich small magnitude that its analytical determination may be 


nable. Fig. 6, however, indicates clearly the element probably 


sible, namely, aluminum. Every individual observation on 


Fig. 4—Effect of Quenching Temperature on Im 
pact Values of Steels Nos. 94 and 95 as Tempered at 
5 to 400 Degrees Cent. (750 Degrees Fahr.). 


ratory melts deoxidized with 0.06 per cent or more aluminum 
| also one to which vanadium was added) falls on the curve tor 
No. 95. Other steels of the same charge, excepting that no 
num or vanadium were added, give properties close to the curve 
low impact steel, No. 94, or values intermediate between these. 
under some conditions has a similar effect to aluminum and 

ay account for the single intermediate value. 
he preceding observations suggest that aluminum was used in 


xidation of steel No. 95 and its analysis supports this view. 
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Fig. 5—Microstructure of Steels Nos. 94 (Left) and 95 (Right) Compared 

(a) and (b) as Air-cooled from 830 Degrees Cent (1525 Degrees Fahr.) 
(c) and (d) as Quenched and Tempered at 180 Degrees Cent. (355 Degree 
S00 (c) Ouenched trom ‘ Degrees Cent ind (d) trom 800 Degrees Cent 
(e) and (tf) Unetched to Show Inclusions 100. 
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. 94. on the other hand, was made under skilled observa 


is known to have been well deoxidized without the addi 
Juminum. Whether or not aluminum was used in the mak 
No. 95, it is certain that aluminum has a dominant etfect on 
act resistance ot hardened steel. 

he laboratory melts were eminently satisfactory for determin 


effects of aluminum, since the melts made with normal addi 





A 


Effect of Carbon Content on Impact Resistance of Laboratory-Melted 
els Quenched from 830 Degrees Cent. (1525 Degrees Fahr.) and 
at OO Degrees Cent ( 0 Degrees Fahr.) 

Ktfect of Aluminum Additions on Impact 

Carbon Steels Quenched 
Tempered at 300 Deg 


Resistance of Laboratory 
Krom 830 Degrees Cent. (152 Degrees Fahr.) 
rees Cent. (570 Degrees Fahr.) 





; of the deoxidizers manganese and silicon only were consistently 
Win impact strength. Fig. 7 shows the effects of increasing alu 
inum additions made to melts of, with a few exceptions, precisely 
same charge and deoxidized with manganese and _ silicon priot 


}the aluminum addition. It is clear that an addition of 0.00 per cent 


es to impart the upper level of impact resistance found in 
these steels. 

Other elements than aluminum also influence impact resistance, 
were not studied in detail. Some observations, 
given in Fig. 8. 


ul however, are 
Silicon apparently has an effect in the same direc- 
is aluminum. In steels given a final addition of aluminum, in 
In manganese content is definitely 


‘e. 


s( 


beneficial to impact re 


[he observations so far given provide a basis from which to 


the impact resistance of fully hardened carbon steels tempered 
tween 400 and 600 Vickers. 


This data is put into convenient 


tor use as a standard of comparison in Fig. 9 and has been 
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so used to establish deficiency in impact resistance of hea 
commercial steels that failed prematurely. It is used also 
Ill to give the impact resistance of all the steels tested r 
a standard, the upper curve of Fig. 9. 


\lthough laboratory melts made without the addition o| 


num or an equally effective deoxidizer were consistently loy 


Fig. 8—Effect of Manganese and Sili- 
con on Impact Resistance of Laboratory 
Melted Carbon Steels Quenched from 830 
Degrees Cent. (1525 Degrees Fahr.) and 
Tempered at 300 Degrees Cent. (570 De 
grees Fahr.). 


pact strength, the same is not true of open-hearth steels. ‘Thus 
Nos. 103, 104 and 105 gave a high impact value, Table ILI, thoug! 
made without the addition of deoxidizers other than manganes« 
silicon. Only one steel of the group of four so made, No. 94, 
low in impact strength. Additions of aluminum or equally a 
deoxidizers to open-hearth steels do not appear, therefore, to 
essential for the attainment of high impact resistance. It is improl 
able, however, that other characteristics associated with high impact 
resistance have attained full maturity without such additions, a mat 
ter which current work will undoubtedly clarify. 


(7RAIN-SIZE 


Low impact resistance is associated with coarse grain-size 
hardened steels and high impact resistance with fine grain-siz 
Clearly defined evidence thereof is difficult to obtain, however, 
fully hardened steels. Thus the microstructure of martensite, lig 
5(c) and (d), does not distinguish the large grain-size differenc 
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i 


n steels Nos. 94 and 95 disclosed by the ferrite network as 
ized, Fig. 5(a) and (b). Since most of the steels under study 
hypoeutectoid and, therefore, expelled ferrite to the austenite 
boundaries on air-cooling, this simple means for revealing 
nite grain-size at time of quenching was used. 
Pilot specimens of appropriate steels were cooled in air from 


juenching temperature of the impact test specimens and _ thet 





Fig. 9—Impact Values of Carbon Steels Quenched from 
830 Degrees Cent. (1525 Degrees Fahr.) and Tempered at 150 
to 300 Degrees Cent. (300-570 Degrees Fahr.) Plotted Against 


Hardness. 
microstructure recorded in Figs. 10 and 11. As anticipated, the 
steels having a high impact resistance as hardened had a fine austenitic 
grain-size at time of quenching and those having a low impact re 
sistance had a coarse austenitic grain-size. Grain-size effects, how 
ever, are not quite so simple as this conclusion based on average 

grain-size indicates. 
The term grain-size usually implies the mean size of a large 
number of grains as seen on a plane section. Even if the grains cut 


are all of the same volume, the size of individual grains must vary 


1Y 


uniformly between a maximum representing the true grain-size and 
zero because of varying distance between center of grain volume 

d the plane exposed. For a given mean grain-size, however, we 
can also have a mixture of grains of large volume and of small vol- 
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Fig. 10—Microstructure of Laboratory-melted Steels as Air-Cooled from 830 Degre 
Cent. (1525 Degrees Fahr.) (30 Min.). Aluminum Contents are Amounts Added. Im; 
Values are those As-Hardened, Relative to Upper Curve of Fig. 9. x 100 

(a) Steel 2949, 0.00 Per Cent Aluminum, Impact V: 5 
(b) Steel 2970, 0.03 Per Cent Aluminum, Impact V: 

(c) Steel 2971, 0.06 Per Cent Aluminum, Impact V: 

(d) Steel 2972, 0.12 Per Cent Aluminum, Impact Value 


ume. In this case the section would show “grain contrast” as in 
lig. 5(a), a condition described by Grossmann (11) as “exagget 
ated grain growth.” 

Grain contrast is particularly prominent in grains of mean siz 
intermediate between the fine structure of normalized aluminum, 
treated steels and the very coarse structure obtained by air-cooling 
from 1000 degrees Cent. (1830 degrees Fahr.) or higher. ‘This 1s 
due to excessive rate of growth of a few individual grains. Grain 
contrast, however, diminishes again as the finer grains approach th 
size of the first large grains to form. 
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Fig. 11—Microstructure of Laboratory-Melted Steels as Air-Cooled from 830 De- 
grees Cent. (1525 Degrees Fahr.) (30 Min.). Aluminum and Silicon Contents are 
mounts Added. Impact Values are those as Hardened Relative to Upper Curve of Fig. 
100. 

(a) Steel 2950, 0.25 Per Cent Aluminum, Impact Value 1 

(b) Steel 2951, 0.50 Per Cent Aluminum, Impact Value -+- 1 

(c) Steel 2973, 0.30 Per Cent Silicon, Impact Value 14 

(d) Steel 2975, 1.00 Per Cent Silicon, Impact Value 6 


Excessive grain contrast introduces the question: what fraction 
of the plane area must become coarse-grained before a fine-grained 
steel loses that part of its impact resistance attributable to fine grain- 
size? Sufficient work has been done on the impact resistance of 
pearlitic steels to disclose the answer to this question were tests on 
such steels significant. Lightner and Herty (12) found, however, 

pearlitic hypoeutectoid steels grain-size is only a secondary 

ctor which acts indirectly through the basic factor, ferrite con 

tent, to determine impact resistance. With a given cooling rate, the 
mount of ferrite is lower the larger the grain-size, but for the same 
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ferrite content, grain-size has no detectable effect. Accor 
conclusion on this point can be drawn from their work. It 
therefore, for a study of grain-size effects in hardened stee 
close a solution to this problem. A solution is necessary t 
accurately the relation between grain-size and impact resist 


IMPACT FRACTURES 


Two types of notched-bar impact fractures are recogni 
should be distinguished according to a report of A. S. T. M 
mittee E-1. (13) One is the tensional type characterized by 
ular fracture, little deformation of adjacent metal and a low 
of energy absorbed. In the other case rupture follows s| 
planes, the fracture may be fibrous and the energy absorbed i 
tively high. As a contribution to the study of these fracture 
tographs were taken of a number of representative specimens 
12, 13 and 14. 

Purely tensional fractures were observed only in a few cases 
when the impact resistance was under 10 foot-pounds. An exce 
tion, however, was the extremely coarse-grained A-130 of Fig. 14 
which had such a fracture at 15 foot-pounds. No fractures wer 
entirely of the shearing type. The ultimate rupture near the center 
of the specimen even in the normalized specimens appears granular 
Hence the major portion of the fractures were of a duplex type, 
showing shear failure over a symmetrical area near edges and ten 
sional failure inside this area. The ratio of these areas, of course, 
varies greatly with the impact resistance, but is certainly not a cot 
stant for a given impact value. 

At least three magnitudes in grain-size can be recognized fron 
the granular part of the fractures. The pure iron-carbon alloy A-130 
is coarsest, No. 94 steel is intermediate and No. 95 as well as th 
aluminum deoxidized steels are fine-grained. Grain-size is evidently 
a dominant factor determining the hardness at which transition from 
a granular to a partially fibrous fracture occurs. Thus the fine 
grained steel, No. 95, has a partially fibrous fracture up to 610 
Vickers at least, while the highest hardness at which the coarse- 
grained steel is partially fibrous is 395 Vickers. 

This characteristic, the hardness at which the fracture shilts 
from granular to semi-fibrous, is a highly important index of the 


characteristics of the steel and may serve well to distinguish between 
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433 395 386 
| Vickers Hardness 
6 52 a7 65 





Impact Value 


Fie. 12—Impact Test Fractures of Steel No. 94 As-Quenched from 800 Degrees Cent. 
Degrees Fahr.) and Tempered at 25 to 400 Degrees Cent. (750 Degrees Fahr.) 
Except Specimen of 197 Vickers which was Normalized. Magnification 2. 


inherently fine- and coarse-grained steels. This “transition hardness” 
is at least 600 Vickers for an aluminum treated steel. Higher carbon 
contents than 0.4 per cent would be required to obtain the neces- 
sary hardness to determine this point definitely in aluminum treated 
steels. 

The transition in the character of the fracture occurs within 
such a very narrow range of hardness that it amounts almost to a 
discontinuity (see Fig. 2) and thus is easily recognized. It un- 
doubtedly also depends on several other factors than those studied 
here, for example, size of specimen, shape of notch and temperature 
of test. Though variation of these factors may throw the transi- 
tion hardness to a higher or lower value, the fact remains that the 

st conditions employed here serve well to distinguish clearly be- 
tween two significantly different types of carbon steels; and that 
certain degree of notch toughness and other desirable prop- 
‘ties associated therewith are available to higher hardness values 
| inherently fine-grained than in coarse-grained steels. 





TRANSACTIONS OF THE A. S. M. 


556 4354 
Vickers Hardness 
30 IE 
/mpect value 


9709p 
Le 
Vickers Hardness 
66 38d 75 
Impact value 


Fig. 13—-Impact Test Fractures of Steel No. 95 As Quenched from 830 Degrees Cent 
(1525 Degrees Fahr.) and Tempered at 100 to 500 Degrees Cent. (930 Degrees Fah: 
Except 272 and 430 Vickers Specimens which were Quenched from 860 and 780 Decor 
Cent. (1580-1435 Degrees Fahr.) Respectively and 158 Vickers which was Norma 
Magnification , 
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Fig. 14—Impact Test Fractures Showing Effects of Aluminum-Treatment. Specimens 

. - . Pp ae aryt 

Quenched from 830 Degrees Cent. (1525 Degrees Fahr.) and Tempered at 300 Degrees Cent 
(570 Degrees Fahr.). Magnification * 2. 









































RESISTANCE 





l 





IMPA( OF CARBON STEELS 1159 


Fable III 
Properties of Carbon Steels Tested 


‘omposition Vickers Hardnes: Impact Value 
Per Cent As lempered Tempered Relative to 
Mn Si Al X Ouenched 300°C S00 °C Standard 


Commercial Steels 


diet tranny § 


43 79 J 004 O032P O80 $80 7.0 26 
? 50 20 010 O1I8P 65 140 38.1 +. ] 


9 55 22 003 .040P oe 2 12.6 18 
$2 .61 AF 008 .016P a +74 36.3 t < 
3] 44 17 .000 O10P wis $28 37.9 0 
10) 73 .07 006 .022P 433 0 


Induction Furnace Steels, no Aluminum Addition 


31 74 .09 .000 aaa 620 120 23.4 15 
+] a ae ers iP le R00 s() 18.2 14 
6 tm +] ee ee o8 1 $0.9 1. | 
+4 76 90 foes baal 725 70 21.6 6 
= 69 to 17 er nwa 871 y 4 21 
a 70 .76 20 like 850 } 6.9 2u 
fy 40 .06 10 wre 1.0Co 935 yf 1 12.1] 15 
Induction Furnace Steels with Aluminum Additions 
$1 .66 aU .007 .03* 735 152 20.6 15 
sY an sae 024 .06* 6Y5 180 35.] t l 
$2 .67 ‘ae .063 aon =a +169 33.9 l 
8 we .16 .077 ae" 705 $6 35.2 0 
50 82 ke 118 ao 752 192 [4.4 | 
$8 74 By . .200 25" 760 525 29.1 l 
39 Pe .16 20 .50* 650 150 37.1 t ] 
63 82 24 wate .35V 880 565 27.8 0 
j 1] / QY O87 ee are $53 32.7 ; 
+2 74 18 070 SS ag ; 163 34.8 0 
39 1.01 18 .O84 0" ‘ +63 43.6 t 8 
7 : Hydrogen Purified Electrolytic Iron Alloys 
} ihre P t » 
Deore \ ) 7 N03 .06 .000 017 aif 380 15.4 ea 
nalize A138 47 690 .O5 nee 027 is »10 12.1 20 
A140 3 720 a2 een 027 ; 30 7.2 21 
NOTE—No. 2981 cast immediately after Aluminum addition, No. 2982 held 10 minutes 
fter aluminum addition before casting and No. 2983 held 30 minutes 
*Per cent Aluminum added 
ACTION OF ALUMINUM 
7 . bos e ° a ° 
; Aluminum additions to liquid steel offer an outstanding example 
ot large effects produced by small doses of an alloying element. 
\fter the metallic aluminum content reaches about 0.01 per cent, 
turther additions up to 0.5 per cent at least have no appreciable effect 
on impact resistance, Table III. Such a relation is not character- 
istic of solid solution alloying effects, so one must seek elsewhere 
an explanation of the beneficent effect of aluminum. 
It has been suggested that the function of aluminum in this 
‘ard is to produce by reaction with the oxygen in solution in liquid 
— steel a shower of sub-microscopic alumina particles. (5) Certainly 
ee imina is formed, for it is recovered in easily measurable quanti- 
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Fig. 15—Microstructure of Steels Prepared from Hydrogen-Purified Tron Melted 
Frozen Under Hydrogen, Compared with a Fine-Grained Commercial Steel. Specin 
Air-Cooled from 830 Degrees Cent. (1525 Degrees Fahr.) (30 Minutes). x 100 

(a) Steel No. A-140, Manganese and Silicon only Deoxidizing Elements added 

(b) Steel No. A-174, 0.10 Per Cent Aluminum added after Manganese and Silicor 

(c) Steel No. A-175, 0.25 Per Cent Vanadium added after Manganese and Silicor 
(d) Fine-Grained Commercial Steel No ) 


ties by suitable extraction methods. Being a suspension of much 
lower density one would expect it to rise to the surface of the metal 
or to flux with other nonmetallic matter if the bath is held molten 
for a sufficient time. Experiment, however, did not reveal any such 
effect. Steels Nos. 2982 and 2983 of Table III were held molten 
10 and 30 minutes respectively after an aluminum addition of 0.10 
per cent instead of less than one minute as was otherwise the pra 
tice. In neither case was the impact value below normal. It should 
be noted, however, that the melt was quiescent during the holding 
period for the high frequency magnetic flux did not penetrat 
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h the graphite crucible shell sufficiently to cause observable 
Hence it may be concluded that the alumina particles do 

or rise rapidly in a quiet melt. 
till assuming that aluminum shows its characteristic etfects 
h colloidal alumina, it follows that addition of aluminum to 


<ygen-free melt would not produce the same effect, for lacking 


~ 


xygen no alumina can form. Substantially oxygen free steels were 


oduced by hydrogen purification of electrolytic iron stock, series 
\ of Table Il. They were melted and frozen under hydrogen also 
[hat steels so prepared are extremely low in oxygen content was 
proved by analysis for alumina after adding over 1 per cent alumi- 
Herty (14) has shown that with such an aluminum addition 


null 


Wl of the oxygen is recovered as alumina. The alumina content of 


ail 


this alloy, nevertheless, was only 0.005 per cent. 

\dditions of 0.10 per cent aluminum and 0.25 per cent vana- 
dium were made to pure steels melted as just described, steels Nos. 
\174 and A175 of Table II. Specimens of these steels and compari 
son steels without such additions were cooled in air from 830 degrees 
Cent. and their microstructure recorded in Fig. 15. The steels to 
which aluminum and vanadium were added are decidedly finer 
erained than the others made from hydrogen purified iron and melted 
and frozen under hydrogen. Since it can be argued that oxygen was 
not completely eliminated this experiment also was not conclusive. 
It may be concluded, however, that if alumina is the active ingredi 
ent, an extremely small quantity is sufficient to produce the characte 
istic effect. 

Metallographic study of highly purified iron to which individual 
additions of the several constituents of ordinary steels, such as oxy- 
gen, manganese, and so on, have been added, have much else of in 
terest to offer that can be barely mentioned here. When heated at 
temperatures where grain growth becomes pronounced, they show an 
exceptional degree of grain-size contrast, Fig. 15. When qeunched as 

inch rounds in the submerged water spray, these pure alloys fail 
to harden in the sense of acquiring a continuous martensitic shell 
Only the exceptionally large grains harden and they harden whether 
the center or near the surface. Even with normal contents of 
inganese and silicon penetration of hardening is slight. Means 
available, however, for overcoming these objectionable charac 
ristics. 


The highly purified steels were particularly free from nonmetal- 
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lic matter and ferrite concentrations. Ferrite solution was 
at lower temperature than in commercial steels with corre 
grain-size. Directional effects appeared to be nearly absent 
then are advantages to be gained by turther progress in th: 
cation of commercial steels, which may appear in the “steel 
morrow.” 

On the basis of these observations it may be suggest 
thermore, that the commercial steel here used as a glaring « 
of low impact strength, No. 94, is in reality an example of 
purity than the average in open hearth steels and is a tribute 
achievements of Dr. Herty in the improvement of steel n 


practice. 
SuM MARY AND (CONCLUSIONS 


A review of current opinion on the significance of the not 
bar impact test suggests that this test has exceptional utility when 
applied to quenched steels in the martensitic or troostitic condition 
Impact, hardness and metallographic tests were made on a variety 


of carbon steels quenched in a submerged water spray to secure uni 


form deep hardening. Using a Charpy impact specimen with a sp 


cial notch produced by grinding and lapping after heat treatment, 
consistent impact test results were obtained. 

Observations of variation in impact values of hardened carbon 
steels with changes in several factors permitted the following con 


clusions: 


(1) There is no pronounced maximum in impact resistance 
of specimens loaded by bending for tempering temperatures in the 
neighborhood of 180 degrees Cent. as is reported by Luerssen and 
Greene from torsional impact tests. 

(2) Free ferrite appears to affect impact resistance adversely 

(3) The impact resistance of hardened carbon steels of a 
particular type as to grain-size is a function of hardness that 1s 
apparently independent of carbon content, when their hardnesses are 
maintained between 400 and 600 Vickers by tempering. 

(4) Nearly all observations on a variety of hardened steels 
fell on one or the other of two curves of impact value plotted against 
hardness. 

(5) Laboratory melted steels deoxidized only with manganese 
and silicon in normal amounts fall on the curve of low impact values 
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se to which a final addition of at least 0.06 per cent aluminum 

.dded fall on the curve of high values. 

6) In larger additions than is necessary with aluminum, vana- 

has the same ettect on impact resistance. 

7) Certain commercial steels known to have been made with 

he addition of aluminum or vanadium gave high impact values. 

8) The impact value of aluminum treated laboratory melts 
reases materially as the manganese content varied upward from 
»to 1.0 per cent. 

Observations of grain structure and impact fractures permit 
ted further conclusions as follows: 

(1) Aluminum treated steels melted in the laboratory under 
careful control are fine-grained as well as high in impact resistance 
while those made without the aluminum or an equivalent addition 
are coarse-grained and low in impact resistance. 

(2) Wholly granular impact fractures were observed in only 
few instances and corresponded with minimum impact resistance. 


Granular fractures were obtained in coarse-grained steel at hard 


riet 

Z ? ness values over 400 Vickers, but not in fine-grained steel up to 600 

on Vickers. 

i (3) Steels made from highly purified iron and known to be 

" extremely low in oxygen content were fine-grained after aluminum 

7 and vanadium additions. 

e (4) Other alloys made from purified iron without the addi 

ee tion of aluminum or vanadium develop extreme grain contrast on 
heating slightly above the end of Acsy. 

tanc (5) Penetration of hardening in the purified alloys is very 

1 the shallow except that isolated grains of macro dimensions are marten 

| and sitic at the center as well as near the edge of quenched 1-inch 
round bars. 

rsely Observations on the highly purified alloys further suggested 

ot a that : 

at 1s (1) Increased purity of commercial steels will entail poorer 

S are impact resistance in the hardened condition unless a compensating 
addition of aluminum or another element having an equivalent action 

steels Is made. 

ainst (2) Higher purity in commercial steels will tend to eliminate 


rectional effects and irregular distribution of ferrite, thereby per 


itting lower quenching temperatures than are now required. 
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Written Discussion: By O. V. Greene and G. L. Luerssen, Carpente! 
Steel Co., Reading, Pa. 

Mr. Scott draws some interesting comparisons between the results obtained 
on his notched bars and those obtained by the torsion impact method presented 











DISCUSSION—IMPACT RESISTANCI 1165 





|.uerssen and myself before this Society last year,’ pointing out that 
ot impact resistance at a draw of approximately 350 degrees Fah 
the torsion method is absent in the notch test. We wish to call atten 
the fact that the steels discussed by Mr. Scott are in general quite 
from those which we covered in that paper. Mr. Scott gives a typical 
ff two steels containing 0.37 and 0.43 per cent carbon, while ours were 
to a range of approximately 0.90 to 1.10 per cent carbon 
lower carbon ranges were purposely avoided in our work since we felt 
ey could be studied successtully by the notch methods regularly used. 
nethods, however, were found useless on the tool steels. In an earliet 
tS before the A.S.T.M.- for instance we showed comparative results by the 
S torsion method and the Izod using the standard notch on a 1.06 per cent carbon 
It was noted at that time that comparative tests were also made on the 
machine using a notch having a depth of 0.0805 inch and a radius of yy 
and it is interesting that this notch agrees quite closely with that used 
Mir. Scott on the Charpy bars. ‘The results obtained with this notch were 
lose to those of the standard Izod notch that only the latter were reported 
se showed a linear increase from 2 foot pounds with no draw to 13 foot 
unds at a drawing temperature of 800 degrees I ahr. 
hat Mr. Scott did not observe pronounced maximum points would be ex 
ted tor two reasons. 
First, a full martensitic structure appears to be necessary even by the 
rsion impact method to secure a pronounced peak at a drawing temperature 
approximately 350 degrees Fahr., the impact resistance falling off when 


troostite begins to develop at higher drawings. Steels No Q4 and No. 95 taken 


ety tor is typical by Mr. Scott are of such a carbon content that a troosto-martensitic 
Board structure would be developed upon quenching and it would not be expected 
°F refore that a definite peak would be observed. In fact we have evidence 
n, Bu that the torsion impact test would give very much the same type of curve on 

arnegic this type of steel as those shown by Mr. Scott on the notched impact tests. 
Second, the presence of the notch would naturally greatly reduce the im 
“ ict resistance of the full martensitic structure due to concentration of stresses 
this harder and relatively nonductile constituent. The issue here appears to 
eating be whether the true impact value of martensite is shown by the notched test 
Metal ch concentrates the stresses at one point, or an un-notched test which dis 
— ibuted the stresses. In any one specific case the question might well be settled 
Testing the basis of whether the tool or part in question contains sharp corners or 
tches at vital points, and of such design that the stresses occur through such 

Trans 


notched section, or whether the vital parts of such tool are free from notches or 
rineers, a ' 
esses which would concentrate stresses. The danger of such notches is well 
wn among tool makers and hardeners and they are of course avoided wher 
r possible. It is consequently our feeling that the true impact value of marten 
is obtainable only on an un-notched specimen in which the distribution 
ress is uniform, and that the introduction of any arbitrary notch will 
pente! 
G. V. Luerssen and O. V. Greene, ‘‘Torsion Impact Properties of Hardened Carbon 

| : Steel,”’ Transactions, American Society for Metals, Vol. 22, 1934, p. 311 
ytained , o» . 

: G. V. Luerssen and O. V. Greene, “The Torsion Impact Test,’’ American Society for 
sented ting Materials, Vol. 33, 1933, p. 315. 
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greatly reduce the value of the test in determining fundamental jn 
Consequently we feel that Mr. Scott’s statement that the impact res 
martensitic and troostitic steels 1s of much lower magnitude than ¢ 
sotter steels, might well be modified to read “notch impact resistance. 
conclusions upon the impact resistance of martensitic steels cannot 
based upon tests made on 0.40 per cent carbon steel. 

Mr. Scott’s specimens were evidently prepared by first heat tri 
full specimen, then subsequently grinding the notch. It would be inter: 
know if any hardness profiles were made to determine whether the ha 
at the base of the notch were equal to the surface hardnesses, and also 
or not the structures were similar. Particularly on the higher carbo; 
this is an important point since it is readily possible to have a diffe: 
hardness between the surface and a point 0.079 inch below the surface 

On page 1146 Mr. Scott comments on the lower impact values sec: 
quenching at temperatures sufliciently low to produce free ferrite. Thi 
surprising and in our Own work we have repeatedly found that mixed st 
will impair the impact value. 

On page 1152 Mr. Scott draws some interesting comparisons betwe: 
laboratory melts and commercial open-hearth steels, finding that the latte: 
a higher impact even though made without the addition of deoxidizers othe 


than manganese and silicon. It is unfortunate that all of the electric furnac 


steels tested have been made in the induction furnace. It would be interesting 
to have had comparisons also with arc electric melts. 

We are entirely in accord with Mr. Scott in his conclusions that the fine 
grained steels have a uniformly higher impact value than the coarse-grained 
steels at the same hardness. His analysis of the various impact fractures 
tained is very logical and interesting. 

We wish to commend Mr. Scott on a very valuable and carefully conducted 
investigation. 

Written Discussion: By H. H. Ashdown, consulting metallurgist, 
Pittsburgh 

We have been very interested in reading Mr. Scott’s paper for several 
reasons. Although apparently his original object was to show the advantages 
to be derived by the addition of small quantities of aluminum to the liquid stee! 
before pouring, he is to be congratulated on his frank statements that the r 


sults obtained by laboratory methods may not be paralleled on a production scak 


All the small melts made in the laboratory crucible with and without 
aluminum additions produced the results anticipated. But as pointed out by 
Mr. Scott, on page 1152, certain melts made in the open-hearth furnace gave, 
without the addition of aluminum results equally as good as those to which 
aluminum had been added. 

The addition of aluminum is unquestionably productive of fine grain struc 
ture and greater depth hardening properties during quenching. There are, 
however, the objectionable features of the residual Al,O; causing elongated 
streak inclusions in the direction of subsequent working. These are detrimental 
particularly when forgings are subject to transverse and radial test. Again 
they are more than objectionable in dies for drop forge work which are sub 
jected to continuous shock stresses. 
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is clearly stated that after the addition of aluminum, despite a com 
ly long period of rest in the molten condition, the AlOs remained in 
ion. Had impact tests been taken in a direction transverse to forging, 
results would doubtless have been shown and these would have been 
nlightening. 
has been our experience that a well-made open-hearth steel finally deox 
in the ladle by the addition of crushed ferromanganese during the early 
f tapping, give results superior to those produced by the addition of 
um, particularly when the final product is tested transversely and/ot 
thy Further, for many years there has been on the European market a 
terial known as S.A.M. metal, an alloy of silicon, aluminum and manganese 
this material has been used as a ladle deoxidizer giving results equal to 
- of aluminum additions with greatly reduced Al,Os inclusions. It 1s 
ble Mr. Scott would find an alloy of this type advantageous when making 
idditional experiments. 
\luminum when plunged into the liquid bath is rapidly oxidized on the 
ce with the formation of a very tough protective skin. We have seen 
everal occasions sticks of aluminum secured to a steel bar by stout high 
temperature melting wire, after being plunged into the bath (in a portion free 
from slag) and vigorously swayed in the bath, on withdrawal of the bar from 
bath the aluminum still intact, and on breaking the tough skin the molten 
aluminum has run out. 
It may therefore be that when aluminum is added to the ladle, the tall ot 
the liquid stream is sufficient to break up the original form of the aluminum 
ito small particles each strongly enveloped by oxide film and these are re 
tained in suspension due to a slow process of diffusion reaction with the alumi 
num within the envelope. 
Mr. Scott is to be congratulated further, on his choice of form of impact 
test piece although we see little advantage in departing from the standard Charpy 


; ¢ 


test piece. The standard Izod impact test piece made from any material and 


} 
lurgist 


in any condition is costly to prepare and in its final preparation there is always 
several the risk of transverse marks (longitudinal to the fracture) however faint, being 
antages left at the root of the notch, adversely influencing the result of test 
ud ste With the Charpy test piece all work in the preparation of the notch 1s 
the re transverse to the direction of fracture and any fine surface irregularities which 
n scale remain, influence the final result in a very minor degree. 
without 
out by Oral Discussion 
mn G. C. Rrecer :* In the main, I wish to commend Mr. Scott for focusing our 
— ntion on this method of dynamic testing of steel. It seems to me that there 
several statements in the paper which, from our experience, are necessary 
to affirm and disclaim. The author states that service failures have not 
cereal definitely related to Charpy impact characteristics of carbon steel in a 
ed ler condition than the sorbitic state. From seven years experience in Charpy 
Neate act testing of S.A.E. 1045 steel, running above 1000 mill heats, and from 


eral different mills, it has been definitely determined that good Charpy im 


re sub 


Metallurgist, Caterpillar Tractor Co., Peoria, Il. 
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pact characteristics at 600 and 800 degrees Fahr. tempering temper 


vent service failures on tractor parts used in hardness ranges cove 
well C35 55. (Ref. December 3, 1931, Iron Age, p. 1426-29), 

It must be agreed that ferrite affects impact resistance of « 
adversely but by the same token it must be concluded that factors 
grain-size may be detrimental when they unduly hasten the transfo 
austenite in treatment; in other words, inherently fine-grained cea 
may harden so ineffectively as to give poor shock resistance. 

he observation of the author of increased purity of the steels ne 
comment. We are of the opinion that a standard for purity ought to 
lished in the manner similar to the grain-size standard of the A.S 
purity greater than shown in Fig. 5, marked “tf” is indicated as being 
able for hardened carbon steels of high dynamic qualities, then we ai 
that the inference is misleading, or that insufficient studies for the ¢ 
of these factors have been brought out 

Kk. B. Fotey:* | should like to start a general discussion concert 
what it is that causes fine grains and coarse grains in steel. There 
several references here to the fact that alumina might form nuclei of e1 
tion generally distributed throughout steel and other suggestions that the 
particles form actual barriers beyond which the grains cannot grow It 1 
that neither ot these things is the cause of it. In the long run, we may f 
that it is not a mechanical process at all. 

\ heat of steel that has very little silicon added makes a rimm« 
which, during solidification, throws off a great quantity of gas—it efferv: 
When silicon is added the steel does not throw off gas, and the amount 
silicon required to keep the gas from going off is in excess of about 0.1 
per cent. This is silicon in solution in the metal. Its effect may be to ir 
the ability of the steel to retain gases in solution and not give them off 
may be that without the silicon present the gas escapes and that when silico 
is added is retained in solution. Aluminum may have the same sort of acti 
The whole question of the mechanism by which small grain-size is produced | 
deoxidation methods in steel melting is very interesting, and it will mak 
good subject for discussion if we can get somebody to talk about it. 

I have always pictured an effervescent heat of the type observed in ginget 
ale, of particles of CO, carrying with them a thin film of iron which oxidize 
when it strikes the air. Of course this gas is formed by an interaction of car! 
with oxygen, probably in the form of iron oxide. The iron oxide will 
react with silicon to form SiO. When silicon is added to steel the metal 
not killed until a certain amount of residual silicon is present. 

The point is that just enough silicon to combine with the oxygen, leavin 
no silicon in solution, is not sufficient evidently to kill the metal. What ts 
action of the silicon in excess of this, which is in solution in the metal and 
which is necessary to produce killed steel? I have heard it suggested that this 
action is one of increasing the solubility of gases in the metal. If a large excess 
of aluminum is added, comparable with the excess of silicon commonly | 


necessary, | believe fine grain will not result. 


*Metallurgist, Midvale Co., Nicetown, Philadelphia. 
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nceivably colloidal particles of alumina may, by serving as nuclei ot! 
lization, cause the formation of small austenite crystals, but it is very 
to imagine particles ot alumina migrating through the austenitic crystals 

grain boundaries there to form a barriet 
rains I think grow by one crystal robbing its neighboring ervstal of its 
i} atom by atom at grain boundaries 1 do not belheve that ervstals 
by a coalescence of two crystals, one of them changing its orientation 
en joining up to make a single crystal of two. ‘The process of grain 
th must be a process of the larger crystals robbing the smaller ones, and 
conception we might suppose that crystals have what may be called 
ntercrystalline force. Now that torce would tend to draw the atoms at the 
dary of adjacent crystals into the orientation of the larger crystal and 
atom by atom, robbing it This would go on until the crystals were all 
ximately of the same size and then it would slow up until the crystal 
wth promoting influence was sufficient to give one that was a little bit larger 
the other one, sufficient force to again start robbing its neighbors more 

lly 

lf numerous small crystallizing centers are present, particles of alumina 
or example, and they are very uniformly distributed, they might start crystal 
: lization in austenite and produce a rather uniform small grain-size, which would 
dean not grow rapidly because of the uniformity of the grains produced. Now 1 
very few of them were present large and small grains might be produced and 


then grain growth would occur much more rapidly because the larger ones 


ed st 
eens would eat up the little ones faster. In the case of a grain-growth barrier, we 
iount conceive of an insoluble oxide existing in the crystal which tends to push it out 
ut 0 to grain boundaries and, once it gets there, it acts as a barrier. ‘These are the 
increa only conceptions I have of a mechanical action of aluminum particles, but Mr 
off. Tr Scott suggests to us that possibly you do not require alumina at all, that it 1s 
" merely the action of aluminum. Of course, that would lead to an entirely dit 
. actior ferent conception. 
wed | R. S. Dean:® Any steel-making process obviously involves a slag and a 
male 2 metal phase. In applying analytical methods to steel-making processes, we 
ike of course an assumption that the reactions proceed homogeneously within 
1 oinge! thr phases. 
oxidize here are, however, pretty good reasons to believe that you may emulsity 
. cart 999 parts of steel with one part of slag, and that you would get in that a steel 
“ll al melt that would be made up of the emulsion cells of a mixture in which the slag 
metal the external phase but present in very small amounts. Now obviously those 
cells would have a strong determining effect on grain-size and the effect ot 
leavi ll amounts of silicon and aluminum may be readily compared with the ettlect 
t is t] { small amounts of certain wetting agents. You can take a mixture of oil 
tal and nd water and add a few thousandths of a per cent otf some wetting agent 
hat this | emulsify the whole thing. You can also reverse that emulsion and change 
exces ver from an emulsion of water in oil to oil in water. 
vy for It strikes me that the effect of aluminum and some of these other thing 


be one of reversing the emulsion from a condition in which the slag 1s 
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the external phase to one in which it is the internal phase. I ha 


little experimental evidence available. If you take an iron oxide 


by a small amount of silica, and alumina, and if you reduce that you g 


iron surrounded with silicon alumina in a typical sponge structure 
heat that up to 1450 degrees Fahr., the silicon aluminum fluxes wit! 
oxide and you have very small particles of iron surrounded with a 
sheet of slag. You can put that through a set of rolls to take out 
amounts of slag, and you get a product which might be classed as fine 
iron, which has one characteristic—if you melt it you never get that 
of it because it is emulsified as the external and not the internal pha 
minut’ you deoxidize it then you reverse the emulsion and get the sla 
internal phase. 

C. H. Herry, Jr.:* I just want to ask if it is his belief that silic 
iron absorb oxygen. Do you really believe that? 

JeRoME SrrAuss:' Some questions are raised by Mr. Scott’s me 
his observations on hydrogen-treated metals and the reactions between 
treated by hydrogen. Have we any reason to assume that oxygen and 
are completely removed by treatment with hydrogen at high temperat 
Whether this question can or can not be answered, what is likely to be 
effect of interaction between metals which immediately prior to their prepara 
tion were not in the form of oxides or, more specifically, what would res 
if such metals were prepared by the decomposition of organic compounds cor 
taining neither oxygen nor nitrogen? Here is a field for both speculation and 
experiment. 


General Discussion 


G. R. Brorpuy:* In all of the discussion this afternoon, it seems to m 
that oxygen or oxide particles have been assumed a necessity. It is my point 
of view that any solid particle of the correct dispersion and insoluble within t! 
temperature range considered may act as a grain growth inhibitor, thereby ren 
dering the steel fine-grained and abnormal. 

Bain, in his experiment with aluminum-iron alloy, showed that the ste 
was normal when carburized in hydro-carbon atmosphere but was abnormal 
when carburized in a CO atmosphere as a result of the formation of Al,0 
particles. 

If with hydrocarbon carburization we could produce an insoluble carbid 
properly dispersed, then fine grain and abnormality should result. This we did 
with a vanadium-iron alloy prepared from hydrogen purified material melted 
in hydrogen and subsequently carburized in an oxygen-free hydrocarbon atmos 
phere. The resulting product was highly abnormal and fine-grained. Thus 
we see that oxygen or oxides are not necessary for the production of fin 
grained abnormal structures in steel. 

L. L. Wyman:® There is another factor that also enters into this ques 
tion, and it has its analogies in the nonferrous field, being familiar to quite a 


®Research metallurgist, Bethlehem Steel Co., Bethlehem, Pa. 

‘Research metallurgist, Vanadium Corp. of America, Bridgeville, Pa. 
®*Metallurgist, Research Laboratory, General Electric Co., Schenectady, N. Y. 
*Metallurgist, Research Laboratory, General Electric Co., Schenectady, N. Y. 
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DISC 


There is a question as to whether or not this small grain might 
the first place, to this insoluble particle which was present in th 
state and formed the germ by which the grain was set up, or, as | 

McQuaid said he tavored, the possibility of there being an inhibitor 

grains preventing them trom growing. In some work which was 
here at the Society a year or so ago, on some strip steel, Mr. Brophy 
nd that as we heated the strips to successively higher temperatures 


ledly normal steel gradually changed its size up to the critical and 


w through the critical Ac there was not such a great change in 


he abnormal steel, on the other hand, there was not much change in 
e up to the critical, but upon passing the critical there was a very 
crease In grain-size. 

uu will recall in Jeffries’ and Archer’s book, they cite the tact that 1s 
wn in incandescent lamp work, that ThQO., when added to tungsten 
in there as a grain inhibitor. ‘The solubility that takes place is nil 

know that up to certain percentages of thoria, or up to certain condi 


reatment the inhibiting action is overcome, and we have the same thing 


- we found in the abnormal steel; that 1s, you can go trom the smaller to 
ee structure. This is, | believe, quite a good direct analog) 
se Whether these particles are acting as nuclei for new grains, or whether 
—_ e inhibitors 1s open to question, and | think that this was the subject 
“ellis erning which Mr. Folev wanted to commence a discussion, 
ee Written Discussion: By W. E. Ruder, Research Laboratory, General 
ectric Co., Schenectady, N. Y. 
ir. Herty has again raised the question in this discussion as to the effect 
to m licon on the gases in molten steel. The idea that silicon merely takes care 
Vv point the oxygen and so prevents its reaction with the carbon is plausible enough, 
thin the ut it is dificult to see how this can be the only explanation in such cases wher« 
by ren teels of high alloy content, such as silicon, chromium, or aluminum, are re¢ 
lted with from 4 to 10 per cent of the alloying element remaining in the bath. 
le steel Such alloys are particularly difficult to keep in the mold, except by the addi 
normal tion of comparatively large amounts of aluminum. Such action would be ex 
f AlO pected if we assume that these elements, particularly silicon or aluminum, in 
crease the solubility of the metal for gases, while the assumption that the sih 
carbick con merely deoxidizes the iron seems hardly adequate. 
we did Che effect of deoxidizers on grain-size, as Mr. Foley and Mr. Wyman 
melted nted out, is an important one. Grain-size is controlled by a number oi 
atmos rs, most important of which is the presence of “insolubles.” ‘These, how 
Thus ver, must be in a state of division fine enough to actually cause lattice distor 
f fin tion betore they can serve as nuclei for grains. We are quite familiar with the 
rtant effect of strain upon grain growth. With these finely divided parti 
S ques es acting as strain centers at innumerable points, crystallization of the metal 
quite a tarts and, depending upon the number of such starting points in a given area, 


uin-size develops small or large by mutual limitation. It is quite possible 
ese “insolubles” to be intermetallic compounds as well as oxides. In any 
however, they must be small enough to affect, by their presence, the 


tomic forces of the surrounding metal. 
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\. L. Davis: Is it possible that the effect of aluminum addit 
is in any way analogous to effect of iron additions to brass? The 
0.3 per cent of iron to brass reduces the grain-size resulting from a 

the effect being most marked in the usual range of temperatur: 
annealing, and less conspicuous if unusually high temperatures ar 
lhe very fine grain resulting in brass from addition of a small am 
results in a material increase in hardness with little or no loss of du 

Of course, we can see a dissimilarity due to the notable tende: 
minum in steel to be mostly in oxidized form; but may there not 
residuum of metallic aluminum which has its own specific effect in 
a finer grain-size? 


Author’s Closure 


The several commentators on this paper have contributed much 


information on the subject. Messrs. Greene and Luerssen bring up 


highly significant differences between the torsion and notched bar im 
\n explanation of these differences must await development of an 
theory of failure under mechanical loading. In the interim the write: 
to regard the notched bar impact test as applied to hardened steels 
a criterion of grain-size. 

Complete penetration of hardening in the impact test specimens is qui 
\ section through a shallow hardening steel, No. 95, shows some fine 
not over 10 per cent, near the center. The impact resistance of this steel never 
theless was consistently high. A _ significant difference in hardness betwee 
surface and bottom of notch is improbable except in untempered specime: 
When tempered at 250 degrees Cent. or higher the hardness distribution is uni 
form since the differential tempering of quenching is eliminated. 

Dr. Ruder states very clearly the case for the “mutual limitation” principl 
of grain growth inhibition. He also asks a question, the answer to which ma 
be that reducing gases such as hydrogen can exist uncombined in “over de 
dized” steels, which would account for the wildness of which he speaks 

The point is made by Mr. Ashdown that certain open-hearth steels 
treated with grain growth restraining agents were high in impact resistan 
He implies that they are equal in all respects to the aluminum treated steel 
but this is quite doubtful. The aluminum treated steels have a very 
coarsening temperature, over 900 degrees Cent., and this is certainly the funda 
mental property with which we are most concerned here. It is highly improl 
able that the steels to which he refers have as high a coarsening temperatu! 
as the aluminum treated steels or that they are produced consistently without 
the aid of strong deoxidizers. 

Aluminum treatment certainly increases materially the content of no 
metallic matter in the steel unless it is thoroughly deoxidized before the alu 
minum addition. When that is not done alumina streaks are quite prevalent 
and of course highly objectionable for certain types of service. Mr. Ashdow! 
ascribes these streaks to the oxide film formed on solid aluminum when intro 
duced in the molten steel, but such a skin would certainly float to the suria 
when it is broken and the enclosed molten aluminum released. These streaks 
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ed surely at the surface of the volume of steel containing a high con 
n of aluminum, as this surface expands by diffusion of the aluminum 
point of introduction. On this basis the incidence of alumina streaks 
reduced by decrease in the available oxygen content of the bath and 
duction of the aluminum in less concentrated form and this statement 
rmed by experience. 
uminum in high contents does increase the penetration of hardening 
rrain-size is held constant. The small content required for grain-growth 
on, however, is insufficient to produce any notable effect. In fact pem 
of hardening is greatly reduced, as Mr. Riegel states, with normal 
ing practice and this is due to the finer grain size of the aluminum 
ted steel. Accordingly, when a coarse grain size has been a factor in ob 
the required penetration of hardening, steels having a high coarsening 
erature should not be substituted without increase in alloy content to cor 
that effect. 
\ir. Riegel’s extensive observations, from which he concludes that notched 
impact resistance of hard steels correlates well with service failures, are 
teworthy and supported by the writer’s more limited observations. No con 
dictory views are expressed in the text of the paper. 
Fig. 5(£), to which Mr. Riegel refers, is a very dirty steel picked originally 


uestior 1g 


nears for study with the expectation that any harmful effects of inclusions would be 
aa never re prominent in hardened than in pearlitic steels. The textual remarks on 
betwee purity ol steel were inspired by observations on the melts made from hydrogen 
pecin purified iron which are so free from nonmetallic matter that to find any requires 
on is 1 extensive search. Our object in preparing these melts was to obtain high 
rity standards from which the influence of impurities and alloy content could 
princi be determined. 
hich ma Mr. Dean’s suggested explanation of the powertul effects of small alumi 
er di num additions is quite refreshing. Details of the experimental observations 
- would be of great interest. Mr. Davis also suggests a solid solution effect of 
steels rain growth inhibiting additions of aluminum to steel from observations on the 
esictan influence of iron additions on the recrystallization of brass. It is quite possible, 
ed steel however, that iron in brass reacts in the same manner as aluminum in steel. 
sone tis Mr. Wyman makes the interesting association of recrystallization of steel 
he fun below the critical range with its normality. 
y improl In regard to Mr. Strauss’ speculations, it may be said that oxygen and 


nperatur gen can be reduced by hydrogen annealing to values within the limits 


> without of accuracy of the methods for their determination. Dr. Ruder’s written dis 
ussion is pertinent to Mr. Foley’s oral remarks. The observation of Mr. 
it ie Brophy that dispersions of other materials than oxides restrain grain growth 
oe quite pertinent. If it is true that the function of aluminum treatment 1s 
preval lely to produce nuclei for recrystallization, then carbides should perform the 
A shdowt me function when properly dispersed. He implies, however, that there is a 


essary relation between grain-size and abnormality which might properly be 


tioned. 
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TECHNICAL PROGRAM AND REPORTS OF OFFIC; xs 
AMERICAN SOCIETY FOR METALS—16th CONVEN ° jon 
NEW YORK CITY, OCTOBER 1-5, 1934 


| YOR the benefit of those who were not in attendance at 1 
teenth Annual Convention of the Society and for pur 


record, the Technical Papers Program and the Reports of | 


read at the annual meeting are herewith published in full. 


MONDAY, OCTOBER I 


Morning Session—Hotel Pennsylvania, Ball Room—10:00 A. M 
Joint Chairmen—D. F. McFarland and T. H. Wickenden 
Heat Treating Session 

Physical Properties of Case Hardened Steels, by O. W. McMullan, 7 
Detroit Axle Co., Detroit. 

Magnetic Properties of Iron as Affected by Carbon, Oxygen and Grai 
by T. D. Yensen, Westinghouse Electric and Mfg. Co., and N. A. 7 
West Penn Electric Co., Pittsburgh. 

Influence of Non-Metallic Inclusions Upon the Precipitation of Primary ( 
tite in Hypereutectoid Steels, by EK. G. Mahin and E. F. Lee, Univer 
Notre Dame, Notre Dame, Ind. 


Afternoon Session—Port Authority Building—2:00 P. M. 
Joint Chairmen—Norman I. Stotz and T. H. Nelson 
Research Session 

A Graphical Method for Calculating Heat Loss Through Furnace Walls, b 
kK. Weinland, Johns-Manville Research Laboratories, Manville, New 

Properties of Some Cast Alloy Steels, by T. N. Armstrong, Nortolk 
Yard, Norfolk, Va. 

A Comparison of the Corrosion Resistance of Several Wrought Irons 
by Different Prog by O. A. Knight and J. R. Benner, Pennsylvani: 
State College, State College, Pa. 

Practical Observations of Some High Carbon, High Chromium Tool Steels, by 


W. H. Wills, Ludlum Steel Co., Dunkirk, N. Y. 


TUESDAY, OCTOBER 2 
Morning Session—Hotel Pennsylvania, Ball Room—10:00 A. M. 
Joint Chairmen—Kent R. Van Horn and R. F. Mehl. 
X-Ray Session 

Grain Distortion in Metals During Heat Treatment, by C. Nusbaum, Case 
School of Applied Science, Cleveland, and N. P. Goss, Cold Metal Process 
Co., Youngstown. 

X-Ray Exposure Charts for Steel, by H. R. Isenburger, St. John X-Ray Serv- 
ice, Inc., Long Island City, N. Y. 

New Development in Electrical Strip Steels Characterized by Fine Grained 
Structure Approaching the Properties of a Single Crystal, by N. P. Goss, 
Cold Metal Process Co., Youngstown. 

Cutting Temperatures Developed by Single-Point Turning Tools, by O. \ 
Boston and W. W. Gilbert, University of Michigan, Ann Arbor. 
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Afternoon Session—Port Authority Building—2:00 P. M. 
Joint Chairmen—John Johnston and A. Ek. White 


Aging Session 





Tempering at 100 Degrees Cent., and Aging at Room Temperature 
0.8 Per Cent Carbon Steel, by G. A. Ellinger and R. L. Sanford, Na 
nal Bureau of Standards, Washington, D. C. 
fect of High Hydrostatic Pressures on Aging, by | R. Van Wert, 
cturer on Metallurgy, Harvard University, Cambridge, Mass 
nal Properties in Rolled and Annealed Low Carbon Steel, by Arthu 
illips and H. H. Dunkle, Yale University, New Haven. 


WEDNESDAY, OCTOBER 3 
Morning Session—Hotel Pennsylvania, Ball Room—10:00 A. M. 


Annual Meeting of the A. S. M. 
1934 Campbell Memorial Lecture, presented by Dr. V. N. Krivobok, Pro- 
of Metallurgy, Carnegie Institute of Technology, Pittsburgh 
Chairman—Dr. Albert Sauveur 
Afternoon Session—Port Authority Building—2:00 P. M. 
Jomt Chairmen—H. J. French and A. B. Kinzel 
Research Session 
s of Iron and Manganese, Part XIII, by F. M. Walters, Jr. and Cyril 
Wells, Carnegie Institute of Technology, Pittsburgh. 
Influence of Oxide Films on the Wear of Steels, by S. J. Rosenberg and 
Louis Jordan, National Bureau of Standards, Washington, D. C. 
Vetastability of Cemetite, by H. A. Schwartz, National Malleable and 
Steel Castings Co., Cleveland. 
lreatmeni in Controlled Atmospheres Including Gaseous Carburizing, by 
C. R. Austin, Penn State College, Penn State, Pennsylvania 


THURSDAY, OCTOBER 4 


Morning Session—Hotel Pennsylvania, Ball Room—10:00 A. M. 
Joint Chairmen—H. M. Boylston and N. L. Mochel 
Research Session 
Cobalt-Molybdenum System, by W. P. Sykes and Howard Ff. Graff, 
General Electric Co., Cleveland. 
Wleable Castings, by Albert Sauveur and H. L. Anthony, Harvard University, 
Cambridge. 
lation ofa Low Carbon Steel 1)1 the Temperature Range 1650 to 2100 De 
rees Fahr., by C. A. Siebert, U. S. Rubber Co., and Clair Upthegrove, 
University of Michigan, Ann Arbor. 
Ductility of Chromium-Nickel Austenitic Steels at Elevated Temperatures, 
by H. D. Newell, Babcock and Wilcox Tube Co., Beaver Falls, Penn 
sylvania. 


Afternoon Session—Port Authority Building—2:00 P. M. 
Joint Chairmen—C. H. Herty, Jr., and R. H. Harrington 
Steel Making Session 

dies on the Metallurgy of Arc-Deposited Weld Metal, by S. L. Hoyt, A. 
O. Smith Corp., Milwaukee. 

Effect of Deoxtdation on Some Properties of Steel, by C. H. Herty, Jr., 
Bethlehem Steel Co., Bethlehem, Pa. 
Metallic Inclusions in Steel, by S. F. Urban, National Tube Co., Ellwood 
City, Pa., and John Chipman, University of Michigan, Ann Arbor. 
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FRIDAY, OCTOBER 5 


Morning Session—Hotel Pennsylvania, Ball Room—10:00 A 
Joint Chairmen—O. E. Harder and M. A. Grossmann 
Gram Size Symposium 

Grain Sise in Metals with Special Reference to Grain Growth in Aus 
M. A. Grossmann, Illinois Steel Co., Chicago. 

General Relations Between Grain Size and Hardenability and the Nor) 
Steels, by E. S. Davenport and E. C. Bain, U. S. Steel Corp., 
Laboratories, Kearny, N. J. 

Grain Size in Relation to Machinability and Other Properties of B 
Screw Steel, by H. W. Graham, Jones & Laughlin Steel Corp., Pitt 

Grain Sise Control of Open-Hearth Carbon Steels, by S. Epstein, 
Memorial Institute, Columbus, Ohio, J. H. Nead, Inland Steel Co 
Harbor, Ind., and T. S. Washburn, Inland Steel Co. 

The P-F Characteristic of Steel, by B. F. Shepherd, Ingersoll-Rand C 
lipsburg, N. J. 

Effect of McQuaid-Ehn Grain Size on Hardness and Toughness of Aut 
Steels, by H. W. McQuaid, Republic Steel Corp., Detroit. 





Afternoon Session—Hotel Pennsylvania, Ball Room—2:() P. M. 
Joint Chairmen—E. C. Bain and Jerome Strauss. 
Grain Size Symposium (continued ) 

Effects of McQuatd-Ehn Grain Sise and Fracture Appearance as Influence 
the Nature of the Steel, by Philip Schane, Jr., Carnegie Steel Company, 
Pittsburgh. 

Effect of McQuaid-Ehn Grain Size of Steel in Forging, by W. E. Sande: 
Delco Products Division, General Motors Co., Dayton, Ohio. 

Influence of Grain Size on the High Temperature Characteristics of Ferrous 
and Nonferrous Alloys, by A. E. White and C. L. Clark, University 
Michigan, Ann Arbor. 

The Importance of Grain Size of Sheet Steel for Deep Drawing, by R. | 
Kenyon, American Rolling Mill Co., Middletown, Ohio. 

The Influence of Grain Size on Magnetic Properties, by W. E. Ruder, General 
Klectric ca. Schenectady, a i 

Factors Determimng the Impact Resistance of Hardened Carbon Steels, by 
Howard Scott, Westinghouse Electric and Mfg. Co., East Pittsburgh 


ANNUAL ADDRESS OF THE PRESIDENT 
Sixteenth Annual Convention, New York City, October 3, 1934 
WittiAmM H. Puituies, President 


T IS indeed a privilege to extend greetings to a representative 
gathering of the Society membership for the first time. 

| would like, also, at this time to express our appreciation to 

the co-operating societies—The Institute of Metals Division and the 

Iron and Steel Division of the American Institute of Mining and 

Metallurgical Engineers, The American Welding Society, The Iron 

and Steel Division of the American Society of Mechanical Engineers 


and the Wire Association. It is through their continuing co-opera- 
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| assistance that we are able to make National Metal Congress 
large success. 
must be, to all of you who are closely associated with the 
hapters or the National organization a source of pride to find 
n, at the close of another year, our society in such splendid condi 
from the standpoint of membership, financial standing, educa- 
work, chapter activity, we are surely forging ahead. But I will 
leave those phases of our activity to be reported on by our Secretary 
(reasurer under whose jurisdiction they logically fall. 
Many changes in our organization and its operation have taken 
lace during the past year. They have been changes, however, that 
mark advance. We are operating under a new constitution. As you 
know, this became effective December 20th, 1933, and was the result 
fa very painstaking and comprehensive study of apparent faults in 
our old constitution. Some of us may have feared the wisdom of 
making some of the radical changes proposed. ‘The results to date, 
however, have proven this wisdom. 
One of the important changes involved the nomination and elec 
of national officers. Through the co-operation of every chap 
r entering into the new arrangement with a determination to give 
a fair trial, selected outstanding men as their potential representa- 


tives on the national nominating committee with the result that this 


committee, when finally appointed, quickly got together and unani- 
mously selected a slate that can be depended upon to carry on the 
ork of the Society. It has been pleasant to note the entire absence 
of political activity that formerly permeated the first day or two of 
our conventions. 

In passing, | wish to express appreciation for the fine work 
of your first nominating committee under the new constitution. 
Chairmen, Prof. Bradley Stoughton, R. M. Pease, Arthur T. Clarage, 
G. k. Brophy, Gordon A. Webb, J. B. Johnson and F. P. Flagg. 

[he constitution now provides that officers newly elected will 
take office on day following our annual meeting. This means that 
present officers will serve for eight months and succeeding boards 


will serve from October to October. 


Chough our new name is but eight months old, it seems to have 


been very generally accepted and we more often hear Metal Society 


iy than Steel Treaters. 
Probably the greatest increase in society activity during the past 


year, has been in our educational work. By this we do not mean in 
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any sense are we becoming competitive with our schools of 
rather are we stimulating interest that may carry on into th 
sity. Much of the work we refer to is being supervised o 
carried on by members of a faculty of one of our institutio 

We have found, however, a real interest in a short lecty 
of about six lectures. Where these courses have been 9; 
have been well attended. For the most part this activity 
confined to the larger chapters, usually the admission fe 
course being membership in the society. The increase in met 
of these larger chapters reflects the influence of the educatior 
It was felt that while many of our smaller chapters had capal 
to present these courses they were too few and it involved t 
of their time to prepare such courses. However, if a cours 
be made available at National headquarters it would be rathe; 
sively used. We now have such a course available entitled 
Metallurgy” prepared carefully by Dr. A. Allan Bates ot Cas 
of Applied Science, Cleveland, and expect that during the 
year we will hear of its being used in a good many of the 
chapters with as gratifying results as the larger chapters have ey 
perienced, 

We have heard from time to time complaints that our technica 
sessions at the annual convention are becoming too theoretical. |: 
the broadest sense our society brings together the practical mat 
the production metallurgist and the research metallurgist. To pri 
pare a program that suits everybody is difficult. A great deal ot 
highly theoretical work must be presented at this time. Your board 
has felt, however, that as an added educational feature it might 
desirable to establish the practice of presenting a series of lectures 
by a well-known authority on some popular phase of metallurgy. II 
these lectures are well received one or more series will be arrang 
each year. This year J. P. Gill of the Vanadium-Alloys Steel © 
l_atrobe, Pa., is giving a series of five lectures on the general subject 
ot tool steel. 

Due to repeated requests the board has authorized the indexin 
of the last ten volumes of TRANSACTIONS and it was made availabl 
February Ist of this year. It is a comprehensive and complete inde 


and is being well received. 


The membership of the society have shown a marked renewa 


of interest in sectional meetings this year. The tri-chapter meeting 


1 
j 


held in Columbus and the Pennsylvania Chapters’ meeting held 
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State College, presented exceptional technical programs and 
very well attended Lhe Penn State meeting was followd by 
rmation of the Penn State College Student group 


\s you know, the society has been i the habit ot presenting two 


ls each year, the Hlenry Marion Howe medal for the best papel 


ted before the Society during the year, and the Campbell Me 
il lecture which ts presented to a metallurgist whose past work 
es his ability to present an outstanding lecture on some worth 
metallurgical subject. We are justly proud of our Campbell 
orial lecturers and our Howe medalists and the splendid con 
tions which they have made. 
Your board teels, however, there is another recognition we 
id make, and that to the individual who occasionally contributes 
uutstanding achievement marking metallurgical progress. There 
accordingly been created a new medal to be known as the Albert 
\chievement Medal. it is telt that this medal will not be 


vear, rather only when real achievement has been 


he first medal will be presented to Dr. Sauveur tomorrow 
ening. 

lt seems to me that the outstanding observation | have made 
ring my encumbency of this office has been the splendid local o1 

ations of our chapters and the imterest these men have not only 
each other and their local chapter but also in the national office 
explains why the American Society tor Metals will continue to 

rosper, 

In closing | wish to express my deep appreciation to the na 
nal board for their unanimous support and co-operation. [ wish 
» to thank all of the committees for the interest and untiring ef 
rt they have put in their work and lastly, | wish to thank W. H. 
enman, national secretary, and his efficient headquarters staff for 
eir thoughtful interest and assistance not only to the officers of the 


ety but also to our entire membership. 


REPORT OF THE TREASURER 
Octobe) 3, JO34 


IemMin GATIEMANN, /reasure) 


The unaudited balance sheet of the Society as of the close of 


iness August 31, 1934, 1s as follows: 
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~--$ 23,390.61 

securities it cost) : ‘ »-- 136,281.17 
Receivables les reserve ° e2 7,338 YY 
Accounts with restricted banks ‘ ; , 668.04 
Inventory ' ‘hee 24 4,937.8) 
dvances (for exposition, employees, chapters, post office, .075.55 

Othee turniture and fixtures 5 eae : 3,600.00 
Prepaid expense (insurance, Metal Progress) . ; .265.94 
1934 convention prepaid expense ; ; : 3,571.83 


TOTAL ASSETS 
LIABILITIES 
Accounts payable (chapter refunds) : ; 399.7 
Reserve ‘ ik : _ : 45,100.00 
1934 convention advance receipts . +r ‘ cia tate Wate 23,198.9 
Surplus, Jan. 1, 1934 es s $139,331.63 
Plus net gain to Aug. 31 ; ‘ 5,147.84 


Less surplus charges, 1933 .. ad 48.61 144,430.86 


TOTAL LIABILITIES 


Our cash is approximately $9,000.00 more than a yea 
receivables $1,000.00 more and inventory about $4,000.00 less, 


we still have $3,600.00 with restricted banks. The market value o| 
our securities has continued to show improvement, the present valu 
of $103,295.00 showing a gain of $1,677.00 or approximately 114 per 
cent over the value of $101,617.50 reported last year. 

Careful examination and consideration of our holdings by 
treasurer and the board of trustees has not shown where ou 
vestments could be materially improved without considerable sacri 
and our investment account shows the same holding as of July 
1933, ($49,000.00 being in Government bonds ). 

We have not found it necessary to dispose of any securities to 
meet Operating expenses and have again been able to operate the So 
ciety within its income and in fact add to our surplus. 

\s the fiscal year of the Society now starts with September |, 
the books of the Society have been audited as of August 31, 1934, 
and show the same result as above. Considering that we have had a 
short period of only 8 months with no convention activity, upor 
which we usually secure a profit, the result is very gratifying. 

Our income and expense statement as of August 31, 1934, cover 
ing the period from January 1, 1s as follows: 


Income (eight months) — $77,448.81 
Expense vues ss ik ees 72,300.97 


Excess income over expense 


[Income from Metal Progress has increased 30 per cent in the 


1 
vif 


first eight months of this year over the same period in 1933, 
expense has increased in approximately the same proportion and the 


net result is the same (about breaking even) although the volume 
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iness is greater. TRANSACTIONS and the Review produce no 
ie and must be added to our other fixed costs of general over- 
expense. 


he sales of books published, including the Stainless Steel Book 


VATIONAL MetrALS HANpbDBOOK, has been better than expected 


as helped materially in enabling the Society to show an addition 
rplus. 

(he increase 1n membership dues’ receipts, however, has been 
\ responsible for the fine position the Society shows in its finan- 
statement ending August 31, 1934. There has been a steady in- 
e in the membership, the gross receipts being approximately 
100.00 more than last year. 

lt may be interesting to note that in addition to the assets of 
National Society as shown by audit, the total cash assets of our 
pters amounted to approximately $47,000.00 at the date of this 


port, which is an increase of about $7,000.00 over the report of last 


(he duties of your treasurer have been rendered most agreeable 
the active co-operation of President Phillips, Mr. Eisenman, the 
d of trustees and Mr. Ohlson, of the Cleveland office. 


CONDENSED AUDITED BALANCE SHEET 
AMERICAN SOCIETY for METALS 


As of August 31, 1934 


ECURITIES 
Government Bonds 
B nds 


| Interest 


nts Receivable 
ess Reserve 


OTHER ASSETS 
Advances, postage deposits, etc 
ts in Restricted Banks 


Furniture and Fixtures less Depreciation = 3,600.00 
Expense (Convention, Metal Progress, Insurance) ,290.75 


570.07 


LIABILITIES 

nts Payable sera. eos : uk bk cite ead $ 867.35 

ves Me ere Arn :.100.00 
3198.95 


ee PORE ee eed ee 144.403.77 


$214,570.07 
bove from Balance Sheet prepared by Ernst & Ernst, Certified Public Accountants. 
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INCOME AND EXPENSE 


AMERICAN SOCIETY for METALS 


For the eight months ended August 31, 1934 
INCOME 
“METAL PROGRESS’’—MONTHLY PUBLICATION 
Advertising cae awe : fa a “a2 $29 949.50 
Subscriptions ... ; ig oa si ; . 1,893.88 
Reprints oa sh pig niko ee 495.40 
Sales, binders, et« a ‘ oe ‘ ‘ ca 107.16 $32,445.94 









MEMBERSHIPS 
Membership dues ai waa $49,024.20 
Sustaining exhibitors’ dues 7 : $50.00 $51,874.20 










Less: Apportionment of dues to chapters ; » 20,218.97 31,655 











Books published and purchased for resale = 6,943.23 
Interest earned ; re Tee 3,866.32 


‘*Transactions’’—bound copies, subscriptions, ete. ... 2,060.00 
Discount earned ........ aati ; anak ean bbe 376.16 
“The Review’’—advertising and subscriptions ... or 249.93 


Miscellaneous ........... : : co 6.29 





LTOTAI 
EXPENSE 
AS SHOWN BY EXHIBIT 





INCOME 










‘*Metal Progress’’—monthly publication ace . $34,960.70 
Books published and purchased for resale Sibcen . rr 
‘*’Transactions’’—bound copies, subscriptions, etc. ... 8,391.81 
CE” -@ @Cale eis is a k's Sk a ire bed a eRe Oe » EORE58 


General expense 
Secretary's office 


7,303.83 
7,495.67 











pS a ee a ae om 2,975.11 
Directors’ expense ekieane sie & Weaker es ie oe. rel ele ane are 1,120.80 
National committee’s expense ............ ceenew. eee 
President’s expense nt : eal hewn 570.26 
Recommended practice. adie oa aces et 360.50 $71,303.93 


Support of chapters . on eee 1,151.62 
Sundry merchandise purchased for resale 






TOTAL EXPENSE 






NET 





PROFIT 




















The above from Income and Expense sheet prepared by Ernst & Ernst, ¢ 
Public Accountants. 


ANNUAL REPORT OF THE SECRETARY 
October = 1934 


W. H. ErsenmMAn, Secretary 





1934, had 
a total membership of 5,443. Of this number 4,719 or 87 per cent 


The American Society for Metals, on September 30, 
were the member classification, 390 or 7 per cent were of the sus- 
taining classification, 312 or 5.5 per cent were of the junior classi- 
fication, with 22 honorary members. 

On September 30, last year, the Society had a total membership 
of 4,468. This shows an increase for the year of 975, or 22 per cent 

This is undoubtedly one of the most outstanding records that tt 
has beer the Secretary’s privilege to report to the membership. It 
shows continued and increased interest in the Society and may be 
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by all of the members of the metal industry in the work and 


plishments of the Society. 


Vhen one analyzes the accomplishments and services of the 
there is immediately brought to mind the splendid work of 
chapters and groups which are the first line of defense of the 
y and its most intimate contact with the individual membership. 
lowing that important detail, one may view with a pardonable 
of pride the various publications and other services which 


ite from the national office. 
Meetings of the Board OT lrustees 


nce the last report to the membership the board of trustees, 
ld 4 meetings, as follows: 

Cleveland, January 18, 1934. 

Cleveland, January 19, 1934. 

Cleveland, August 3, 1934. 

New York, October 2, 1934. 

(he reports of the first three meetings have been published in 
Review, and the last meeting will also appear in a later number 
it publication. 

Educational Activities 
Boston presented a 17-lecture course with an average attendance 
5 Chicago, 10 lectures, 132 average attendance. Cleveland 
ented two courses, one on welding having 125 attendance, and 

n metallography having 160. 

Detroit presented a 12-lecture course, average attendance 80. 

Golden Gate presented a lecture-laboratory course in co-opera- 

with the San Francisco public schools. 

los Angeles also had a lecture and laboratory course using their 
wn laboratory equipment. 

Hartford presented an educational course using the very un- 
isual idea of spreading out for the convenience of those enrolling 
by giving the same lecture in five key cities of their territory. 

Montreal presented a welding course of ten lectures, which were 
very well attended. 

North West chapter was one of the first to conduct an educa- 
mal course. In the year 1922, Dr. O. E. Harder, then of the 
niversity of Minnesota, conducted a course in metallurgy and heat 
iting. 


Philadelphia, in addition to its usual co-operation with the metal- 


ee ee nea 
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lurgical course at Temple University, presented an 8-lectur: 
with splendid results. 

York chapter co-operated with the Pennsylvania State ( 
and conducted a class in metallurgy. 


Plans for 1934 and 1935 


The tollowing chapters have indicated their intention . 


ducting educational courses during the present year (1934-1! 


Buffalo North West 
Chicago—2 courses Philadelphia 
Cleveland—2 courses Pittsburgh 
Detroit—2 courses Rockford 
Golden Gate Tri Cities 


Indianapolis Washington 


Lehigh Valley 
Milwaukee 
Montreal 


Worcester 
York 
Springfield 


New York 
Howe Medal Award 


The Henry Marion Howe Medal awarded annually for the 


of highest merit published in TRANsSAcTIONS during the year, was 


awarded for the year 1933 to Joseph V. Emmons, chief metallurgist 
of the Cleveland Twist Drill Company, Cleveland, Ohio. 

lor the year 1934 the committee of award has unanimously 
selected Mr. John Chipman, research engineer at the University o! 
Michigan, for his paper entitled “Application of Thermodynamics 
to the Deoxidation of Liquid Steel,” published in the May, 1934, is- 
sue of TRANSACTIONS. 


Campbell Lecture 


This lecture, established in 1925, by the board of trustees a1 
honoring the memory of Edward DeMille Campbell of the Univer 
sity of Michigan, was presented in 1933 at the convention in Detroit, 
by Herbert J. French, metallurgist at the International Nickel Co. of 
New York. The lecture was entitled “Fatigue and the Hardening 
of Steels,” and was published in full in the October, 1933, issue ot 
TRANSACTIONS. 


President's Medal 


The President’s Medal was presented to Past President Alex- 
ander H. d’Arcambal at the annual banquet during the Detroit cot 
vention in 1933. 


The presentation and award were definite and tangible indica- 
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to Mr. d’Arcambal of the appreciation of the membership for 


reful and enthusiastic administration of the affairs of the So 
luring his term of office. 


Re ommende al Pra tice ( ‘On 


WILT Te 

Che personnel of the Recommended Practice Committee for the 
1934 is as tollows: Dr. C. H. Herty, Jr., Chairman; H. J. 
beck, J. P. Gill, A. W. F. Green (resigned, Sept., 1934), W. D. 
ey. H. B. Knowlton, F. B. Lounsberry, EK. C. Smith, and Jerome 
\fter the publication of the 1933 edition of the Handbook, the 
mmended Practice Committee made a study to determine what 
articles and sections should be included in future editions. \ 
ilar meeting of the Committee was held on March 12, 1934, in 


National Offices of the Society and a working program formu- 


echnical Committee Assignments 


a result of the March meeting, the Recommended Practice 
mittee has at this time fifteen active sub-committees preparing 
ticles or recommended practices on the following subjects: 


1. Aging of Iron and Steel. 
Chromium Plating of Tools 
Forging ot S. A. E. Alloy Steels 
Forging of Stainless Steels. 
Forging of Tool Steels. 

Gas Carburizing. 

/. General Article on Heat Treatment. 
Hardness Testing Methods. 
Additional Hardness Conversion Data. 
Heat Resisting Alloys. 

Impact Testing. 

Machinability of Steels. 

Magnetic Testing. 

Physical Constants of Metals. 

Pyrometry. 

Testing Methods tor Tool Steels. 
17. Wrought Iron. 


Subjects assigned to Authors 


The Recommended Practice Committee has also invited several 


thors to prepare articles on the following subjects: 


bed 


ui f& W po: 


Aluminum as an alloying element in heat resisting metals. 
Aluminum as an alloying element and its relation to grain-size. 
Aluminum as an alloying element in nitriding steels. 

. Blue brittleness. 

. Capacities, cost factors, etc. of oil, gas and electric furnaces. 
. Cold rolled bars and shafts. 


~~ 
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Critical points for S. A. E. Steels. 

lorging grades ot carbon steels. 

Hardness testing at elevated temperatures. 

Inspecting, testing and physical properties of strip and she 

Constitution of Iron-Chromium-Nickel alloys. 

Constitution of lron-Cobalt Alloys. 

Constitution of Iron-Manganese-Carbon alloys. 

Constitution of Ilron-Silicon alloys. 

Constitution of lron-Titanium alloys. 

Metal cleaning by electrolytic methods. 

Metal cleaning by shot and sand _ blast. 

Metal cleaning by tumbling. 

Metal cleaning by vapor degreasing 

Methods of chemical analysis. 

Physical properties of large sections when made from bot 
and alloy steels. 

Pickling. 

The use of propane and butane as industrial fuels. 

Slushing oils and greases. 

X-ray radiography. 


This makes a total of 42 articles which the Recommended 
tice Committee has in process of preparation by sub-committe: 
authors. 

As the Committee plans to consider the welding section 
Handbook at its next meeting, subjects on welding will probably 


be added to the program. 
Nonferrous Subjects 
The Nonferrous Data Sheet Committee of the Institute o! 
Metals Division of the A. I. M. E. is having prepared, by authors 
in co-operation with the Recommended Practice Committee, articles 
on the following subjects: 


1. Bearing Metals. 

Constitution of Aluminum-Nickel Alloys. 

Etching of Aluminum for Metallographic Examination. 
4. Polishing of Aluminum for Metallographic Examination. 


Other articles will be prepared for the nonferrous section of the 


Handbook, but at this time the Committee have not completed theu 


plans. 
Handbook 
Since the publication of the 1933 Edition (Sept.) of Metals 
Handbook, members and purchasers have been exercising their © 
change privileges. The distribution of the Handbook is as follows 
Members exchange 
Issued to new members 


Sold to members of Institute of 
Sold to non-members 


Fotal Handbooks issued 
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Cherefore, a total of 4,085 HANpBooks have been exchanged 
S. M. members or issued to new members his leaves only 
members of the Society who have not taken advantage of the 
exchange Plan. This is a very gratifying response from the 
ership and exceeds the number of exchanges made, in the same 


of time, for either of the previous editions 


Publication Committee 


Che Publication Committee for the year 1934 was made up of 
ollowing: Robert Sergeson, Chairman; Ray T. Bayless, Secretary; 
Brophy, Cc. i: €iaee. Wayne Cockrell, A. E. Focke, T. | Joseph, R. L 
Rk. FF. Mehl, C. B. Sadtler, W. P. Sykes, T. H. Nelson, M. R 
mann, A. B. Kinzel and H. S. Taylor. 
Chroughout the year and up to the present date the committee 
reviewed 54 papers, of which 41 have been approved, 9 rejected 
il after considerable revision was made and 4 definitely rejected 
| returned to the authors. 
Che first meeting for the year 1934 was held in Cleveland at the 
tional Offices at 9:30 A. M. on June 1 and the following members 
were in attendance: Robert Sergeson, Chairman; Ray T. Bayless, Secre- 
ry: G. R. Brophy, C. L. Clark, Wayne Cockrell, A. E. Foceke, T. L. Joseph, 


Rk. L. Kenyon, R. F. Mehl, C. B. Sadtler, W. P. Sykes and T. H. Nelson. 


tute ol One of the suggestions worthy of mention which was offered 


uthors was that reviewers of papers received between Convention periods, 
articles for publication in the TRANSACTIONS only, should be asked to offer 
evestions to the editor as to possible reviewers or discussors for 
said papers in order that a comprehensive critique or discussion might 
be published along with the papers in Transactions. Also it was 
egested that the author of a paper be asked for suggestions as to 
the names of possible discussors of it. 

Che Publication Committee recommended to the board of trus 
es and it has been approved by them, that TRANSACTIONS be pub- 
hed as a quarterly rather than a monthly. The committee had in 

mind that this would permit a better grouping of subject matter and 
t the same time would effect certain economies which would be used 
an improvement in the general make-up of the publication. As 
example, the first issue of the quarterly, which will appear in 
lecember, will contain among other things all of the papers pre 
nted at the Grain-size Symposium scheduled for presentation at 


i¢ 1934 New York Convention 
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Transactions 


here has been published since the last annual meeting 


tober, November and December, 1933, issues of TRANSACTIO 


last three monthly issues of Volume 21, constituting 96 pag 


or a total of 288 pages. There has also been published the 
issues of TRANSACTIONS for the year 1934, January, Fel 
March, April, May, June, July, August and September, co 
96 pages each or 864 pages. The total pages published since 1 
annual meeting amount to 1,152. 

The TRANSACTIONS published since October, 1933, conta 
pers presented at the 1933 Convention, together with others r 
during the year. ‘The last three issues of Volume 21 contai 
papers and the first 9 issues of Volume 22 for 1934, contai 
papers. An analysis of the editorial production of TRANSA 
from Volume 1 up to and including Volume 22, No. 9 (Septe: 
1934) shows a grand total of 20,999 pages. 

In February of this year the Society published a general in 
TRANSACTIONS, Volumes 11 through 20 and also a general ind 
Merat Procress for 1930 through 1932. 

This index was made available to the membership of the 
ciety in two forms, first a bound book containing a general index 
Volumes 11 through 20 of TRANSACTIONS containing 116 pages 
MrraAL PROGREss, consisting of 161 pages; and second a_ bound 
volume containing 216 pages covering the index to Volumes 1 through 
20 of TRANSACTIONS and METAL PROGREsS. 

The index to TRANSACTIONS was compiled by Frank T. Sise: 
and the index to METAL PROGRESS was compiled by Marjorie M. Rud 
Preprints 

30 papers were presented before the 15th annual Convention 
held in Detroit last year (1933) 22 of which were preprinted. fo! 
this year’s Convention 37 papers have been scheduled for presenta- 
tion, 31 of which have been preprinted and distributed to those 
members requesting them. The total number of pages of preprints 
for 1933 was 452, whereas the total number of preprint pages tor 
1934 is 620. The number of requests for preprints this year has 
been approximately double that of last year. 

Review 

During the past year THe Review has been published as a bi 

monthly containing on the average, 6 pages per issue. 





SECRETARY'S REPORT] 1189 


[he September issue, which had a circulation of 20,000 among 
embers of all societies and divisions co-operating in the 1934 
nal Metal Congress, was & pages. 

From November, 1933, to date (6 issues) 1,633 column inches 
levoted to editorial matter and 730 to advertising. The amount 
ie REVIEW space devoted to reports of chapter meetings was 
olumn inches, or slightly more than one-half of the entire space 


o the year. 
Metal Progress 


\lerTAL ProGREss has now been coming to you every month fot 
years, and needs no words of mine to commend it. The editor 
ept constantly in mind the wishes of the Board of Trustees that 
magazine should supplement the more technical work of the 
XANSACTIONS, with briefer articles about the production and ap- 
tion of interesting new metals and alloys, new shop practices 
equipment, and thus interest the members whose daily work 1s 
the production, sale and fabrication of metal rather than its 
utific study. We feel that Mrrat ProcGress, in tollowing this 
torial objective, has been an important item in the services to 
» members. 
Che financial success of the special October issue, now in your 
Is, encourages us very much. [very extra advertisement in that 
issue was placed without high pressure salesmanship, and is there 
because the members of the American Society for Metals represent 
very important group of consumers of the material or equipment 
idvertised and because METAL PROGRESS is unquestionably the best 
most economical medium wherewith to reach that audience. 
\s the American Society for Metals closes its short year of 
eight months, the trustees and the members may look in retrospec- 
tion and observe a number of outstanding indications of healthy 
rowth and a bigger and better outlook for the future. 
With all of the Society activities showing an income of over 
$5000.00 in excess of its expenses, with the present issue of METAL 


PROGRESS carrying the largest volume of advertising since it was 


tablished four years ago, with the membership of the Society ap- 

roximately 1000 members more than a year ago, with all ad- 
rtising income 30 per pent increased over the previous period, and 

vith the National Metal Exposition the largest since 1929, and show- 
a 45 per cent increase over the amount of space sold for the 
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exposition held in Detroit last year, with an increased ed 
activity on the part of the chapters, and with the continued 
of the services trom the chapters and the national office, the 1 
ship of the Society may look to the future with a degree of « 


that the present success of the Society will be maintained 


i 






NOMINATION OF OFFICERS 
W.H 


Proittips, President 


| have the pleasure to report that in accordance with th 


















tution of the A. S. M. the President received prior to March thy 
year suggested candidates for the Nominating Committee | 
the local chapters ot the Society. ‘rom the list of eligible cal ites 
suggested, | appointed the following Nominating Commit of 
seven : 

Professor Bradley Stoughton of Lehigh Valley as chairman. 

A. T. Clarage, Chicago. 

Robert M. Pease, St. Louis. 

}. B. Johnson, Dayton. 

Gordon A. Webb, Detroit. 

Gerald R. Brophy, Schenectady. 

I, P. Flagg, Boston. 

he names of the members of the Nominating Committee wer 
published in the March Review. 

The Nominating Committee responded to the call of the presi 
dent and held a meeting in New York City during the third full 
week in May and reported immediately the selection of the following 


candidates fer the offices indicated: 





For president for one year—B. F. Shepherd. 

For vice president for one year—R. S. Archer. 
lor secretary for two years—W. H. Eisenman. 
lor trustee for two years—Walter Mathesius. 

For trustee for two years—George B. Waterhouse. 









Che report of the Nominating Committee was published in the 
May Review. 

| have been notified by the secretary that no additional nomina 
tions were received prior to July 15 for any of the vacancies occu 
ring on the board of trustees. Consequently, the nominations wer 
closed. I shall now call upon the Secretary to perform his duty 
prescribed by the constitution. 

W. H. E1senman, Secretary: Mr. President, since no addi 
tional nominations were received prior to July 15, 1934, for any 0! 


the vacancies on the board of trustees of the American Society to! 
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is, I herewith, in compliance with the provision of the constitu 
| cast the unanimous vote of all of the members of the Society 
e] he election of the following candidates : 
For president—tor one yeat B. FF. Shepherd 
For vice-president—tor one year—R. S. Archer 
For secretary—tor two yvears—W. H. Eisenman 
for trustee—tor two vears—Walter Mathesius 
For trustee—tor two yvears—George B. Waterhouss 
W.H. Puivuips, President: Since all the provisions of the con 
ition have now been performed, | herewith declare the candi 
; named to have been duly and unanimously elected for the term 


| office specified, and the term of office of each officer just elected 


| begin on the day following the close of this annual meeting. 

| t 

nt of President's Bell 

‘At this time we usually make the presentation of the President's 

Bell to the chapter who, in the opinion of the President, has per- 
formed from all standpoints the best during the past year. We are 
eoing to do something this year that has not been done before. Us 
ually the President’s Bell has been passed around, but after making 
a very careful study of the activities we found about three chapters 

tee were . . , 
that were running neck and neck, but we have finally decided that 
the Cleveland chapter's all-around performance for the year 1934 

he pres . , 

: entitled them to retain the Bell tor another year. 

ne : “It gives me great pleasure to again present to you, Dr. Kent R. 
Van Horn, as a representative of the Cleveland chapter, the Presi- 
dent’s Bell for another year.” 

Annual Banquet 
In addressing those in attendance at the Sixteenth Annual Ban 

uet of the society, President Phillips said in part: 

din the “Members of the American Society for Metals and honored 
ruests: 

siraeanes “We welcome you to this our Sixteenth Annual Banquet. It 


Ss occul 


our first opportunity to meet in New York but hospitality shown 


mS wer s by the City fathers, the convention committee, our own New York 

duty as d New Jersey chapters, and hotels alike insures our return at an 
early date. 

no add “Tl would like to express the appreciation of the officers and 

r any - embership of The American Society for Metals, The Institute of 

‘ety | Metals and the Iron and Steel Division of the American Institute of 
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Welding Society and the Wire Association, for their hearty c 
tion, which makes possible National Metal Week.” 
\t this point the guests at the speaker’s table were ind; 


introduced to the audience. 


Presentation of Past President's Medal 





In continuing President Phillips said: “It now becomes 1 
vilege and duty to present the Past President’s Medal to M1 
Coleman. for years Bill has worked tirelessly in the interest 
society—first in the Philadelphia chapter, where he held all of 
later in the National Society where he did conspicuous work 
Chairman of our meetings and papers committee. Having sat 
board during his tenure as President, | am well acquainted w 
energy and painstaking care he has exercised in all society m 
He was able to personally visit 90 per cent of our 39 chapter 
groups, and worked very hard to secure a better understandi 
co-operation on the part of industry with our Society. Bill—or 
half of the officers and membership of the American Society 


Metals—may I present to you the Past President’s Medal.” 


Henry Marion Howe Medal Award 





“IXvery year, some time prior to this banquet, we start to select 
the outstanding paper presented before the Society and published in 
TRANSACTIONS during the year. Four committees are appointed con 
sisting of three men each. ‘These committees each cover thre 
month's publications, selecting the two best papers of that quarter 
The final award committee, of three members, select from the eight 
papers thus chosen one paper, the author of which is presented th 
Henry Marion Howe medal. This year we are pleased to present to 
Mr. John Chipman, of the University of Michigan, the Henry Mario 
Howe Medal for his paper entitled, “Application of Thermodynamics 
to the Deoxidation of Liquid Steel,” presented at last year’s con 
vention and published in the May, 1934, issue of TRANSACTIONS. 


Albert Sauveur Achievement Medal Award 





“As explained in my annual report yesterday, we, as a Societ) 
are justly proud of our Campbell Memorial Lecturers and our Howe 
Medalists and the contributions which they have made to our metal- 
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literature. We have telt, however, an outstanding achieve 
in the field of metallurgy should receive special recognition 
ter a great deal of deliberation, we have created a new medal 
known as the Albert Sauveur Achievement medal. This award 
the name of and in honor to one who has contributed so richly 
nspired so universally workers of all classes in the field of metal 
It is highly appropriate, therefore, that the American Society 
\Mietals should designate its Achievement Medal as the Albert 
veur Achievement Medal in honor of one who is, beyond question, 
of all metallographists. We wish to make the first presenta 
f this medal this evening. I am going to ask Dr. A. i. White, 
st president of our society, to present to us the first candidate 
his honor. 
In presenting Dr. Sauveur, Dr. White commented as follows: 
‘As the first reciprent of the Albert Sauveur Achievement 
| am pleased to announce that your Board of Trustees has 
d our esteemed friend and co-worker Dr. Albert Sauveur, 
lon Mckay Protessor of Metallurgy at Harvard University. 
“This award 1s made because of the great contributions Dr. 
uveur has made in adding to our knowledge of the structural 
inges which take place in iron, steel and other metals due to heat 


iment. He has pioneered in this field. With a simple microscope 


mounted on a barrel, he began his work. His research equipment has 


ways been limited, but in spite of or because of this condition, he 
shown to the world the possibility of achievement in one’s chosen 
ld when one approaches his work with boundless enthusiasm. 

“Dr. Sauveur was born June 21, 1803, at Louvain, Belgium, of 
trench parentage. He was educated at Athenee Royal, brussels, 
School of Mines, Liege, and Massachusetts Institute otf Technology. 
tle served as Chemist and Metallurgist first for the Pennsylvania 
steel Company and then for the Illinois Steel Company from 1889 

1897. He has been at Harvard University since 1899. 

“During the World War he served as Metallurgist for the Ameri 

an Aviation Commission from 1917 to 1919, and Metallurgical Ix 


pert to the French Ministry of Munitions, and later as Director of Re- 


arch for the Metallurgical Division of the American Expeditionary 
orce. 

“From 1898 to 1903 he was Editor of The Metallographist, and 
om 1903 to 1906 Editor of the Jron and Steel Magazine. He has 


iblished many publications in the field of metallurgy especially on 
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such subjects as the constitution of steel. His outstanding 
The Metallography of Iron and Steel. This is used as a 
text by many of the schools and colleges in this country. 

“Dr. Sauveur is a Fellow of the American Academy of 
Sciences, an honorary member of the Society of Enginee 
honorary member of the American Society for Metals, as wel 
honorary member of other international organizations. 

“He has had many honors conferred upon him as a result 
achievements. He is an Officier d’ Academie, Chevalier Legion | 
neur and President, Salon Francais, Boston, 1920-1924. He 
as United States Delegate to the Third Pan American Scientit 
gress at Lima, Peru, 1924. He was awarded the Elliot Cresso 
medal by Franklin Institute in 1924, awarded the Bessemer 
by the British Iron and Steel Institute in 1924 as well as other h 

“His work has also been recognized by various Universitie 
ing been given a degree of Doctor of Science by Case Sch 
Applied Science, by the University of Grenoble in 1924, and the 
versity of San Marcos in 1925. In 1926 he was given the honorary 
degree of Doctor of Engineering by Lehigh University. 

“On behalf of the Board of Trustees of the American Soci 
for Metals, it is my very great honor, Mr. President, to present to you 
Dr. Albert Sauveur as the first recipient of the Albert Sauvew 
Achievement Award of the American Society for Metals.” 

In presenting the award to Dr. Sauveur, President Phillips com- 
mented as follows: 

“Dr. Sauveur—It indeed gives me great pleasure to perform th 
duty which falls to me and on behalf of the American Society for 
Metals, I present you with the first Albert Sauveur Achievement 
Medal.” 

In accepting the award Dr. Sauveur responded as follows: 
“Mr. President, my friends, ladies and gentlemen: 

“I find it difficult to express adequately my appreciation of the 
unusual honor which is being conferred upon me today. 

‘That you should have decided to do so while I am still with 
you adds a great deal to its significance ! 

“In spite of what has been said tonight, I fully realize that | 
owe this honor to your indulgence and generosity more than to what 
I may have contributed to the art and science in which we are so 
deeply interested. 


“May the award of this medal in years to come stimulate younger 
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their efforts to advance the ancient and basically important 


' | find in the possible realization of that hope the 


urgical art 
reward for what it has been my good fortune to be able to 
those early days when metallography was in its infancy and 
it so difficult to grow to manhood. It is now so sturdy that 
ts to undermine its health have been abandoned. I have no 
to bore you with reminiscences. | think too much of you for 
| should lke, however, to illustrate very brietly some of the 
lties encountered in those early days. 

‘| started my metallographic work in 1891 at the suggestion and 
the inspiration of W. R. Walker at the time General Manager 
Illinois Steel Company. After five happy years of work in a 

feld but recently opened, a hurricane in the form of a new presi- 

rs ent, John W. Gates by name, struck the Illinois Steel Company, 


in its violence carried away the metallographical laboratory 


1001 of ind its occupants. Being then settled in Chicago and with my first 
le U; 1 but a few weeks old, I made some effort to remain in that city. 
mnorary ittempted to convince President Harper of the newly established 
iversity of Chicago that metallography should be taught at his 
Society stitution and that | was the man to do it. In this I failed. 

to you “We went back east and my next effort was to interest the Car- 
yauveul egie Steel Company to take up metallography. A young man by 
the name of Charley Schwab was the superintendent and after con- 

S com- sulting his colleagues, among whom were Corey and Unger, he in- 
formed me that he had nothing to offer. My next attack was directed 

rm the it the Watertown Arsenal—going to Washington to interview Gen- 
ety for eral Flager, at the time Chief of Ordnance. After several weeks 
‘vernent lelay, I received a long letter in which he expressed the fear that 1f 
the work was undertaken at the Arsenal it might prove so fascinat 

S: ng that Mr. Howard, who was then in charge of the Testing Labo 

ry, might lose his interest in everything else. 

| of the “I am vindictive enough to wish that President Harper, John 
W. Gates, Charley Schwab and General Flager might be here tonight 

ill with and that I could guide them through the metal exposition where 
they would find the walls covered with photomicrographs of steel 

» that | ind other metals and place before them the many papers presented 
to what at this meeting and so profusely illustrated with similar photographs. 
are so ‘With all these rebuffs before me, I decided to open some labora- 


ries in Boston. I even had the temerity to undertake single-handed 
younger nd without any financial backing the publication of a quarterly maga- 













































2 et er 




















































































1196 TRANSACTIONS OF THE A. S. M. 


zine known as The Metallographist. I have often wondered 
audacity of youth. Had I been older or wiser, | should ney 


ve 
dared to go into such a venture. I believe, however, that it di ve 
a useful purpose. 

“I should like to be permitted to express one thought pert 1g 
to the progress of metallurgy in future years. I find it in the par- 
able of the light and the bushel. How many when they beli to 
have discovered a little light proceed immediately to hide it u a 
bushel so as to keep it for their exclusive use and in the hope that 


their neighbors may be left to stumble in the dark. 


“Closer examination often reveals that the hidden light is g 
feeble and flickering one, hardly worth the cost of the bushel. At 
other times, the bushel is so poorly woven that it permits the leaking 
of the light, while in other instances still the light 1s so brilliant that 
no bushel can shield it. And all the while each one is trying to peep 
under the bushel of his neighbors. We may liken this situation to a 
large field covered with bushels assumed to shelter lights of various 
intensities, including those of no intensity at all. 


ee 


How much better it would be, if all those bushels could be 
lifted and discarded, leaving a brilliantly illuminated field—to the 
benefit, I believe, of the metallurgical industry considered collectively 
or individually. 

“While I am not«prepared to relinquish this beautiful medal 
indeed anyone who would try to take it away from me would have a 
hard fight on-his hands—I think in all frankness that the first award 
should have been made to the American Society for Metals itself. 
If it is to be an award for achievements, who more than this Society 
deserves it! 

“Indeed, its achievements during so short an existence have been 
a source of wonder and admiration on the part of other older scien- 
tific and technical societies. 

“T accept this medal then, not as my due, but as an evidence of 
the fine sentiments that prompted you in establishing it. It testifies 
of the earnest desire of this society to show its appreciation of the 
unselfish labor of those engaged in serving mankind in an important 
field—Long live the American Society for Metals!’ 

Following this presentation the speaker of the evening, Mr. T. 
M. Girdler, chairman of the board of the Republic Steel Corp., gave 
his outstanding address, ‘““Tomorrow’s Market for Steel.”’ 
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Statement of the ownership, management, circulation, etc., 
-equired by the act of congress of August 24, 1912, of Trans- 
crions of the American Society for Metals, published quarterly 
at Cleveland, Ohio, for October 1, 1934, State of Ohio, county 
of Cuyahoga, ss. Before me, a notary public, in and for the state 
and county aforesaid, personally appeared Ray T. Bayless, who, 
having been duly sworn according to law, deposes and says 
that he is the editor of the TraNsacrions of the American 
Society for Metals, and that the following is, to the best of his 
knowledge and belief, a true statement of the ownership, man- 
agement, ete., of the aforesaid publication for the date shown in 
the above caption, required by the Act of August 24, 1912, em- 
bodied in section 411, Postal Laws and Regulations to wit: 

1.—That the names and addresses of the publisher, editor, 
managing editor, and the business managers are: Publisher, 
American Society for Metals, 7016 Euclid Avenue, Cleveland, 
Ohio; Editor and Managing Editor, Ray T. Bayless, 7016 
Euclid Avenue, Cleveland, Ohio; Business Manager, W. H. 
Eisenman, 7016 Euclid Avenue, Cleveland, Ohio. 

2.—That the owner is:. The American Society for Metals, 
7016 Euclid Avenue, Cleveland, Ohio, which is an educational 
institution, the officers being: President, B. F. Shepherd; Vice- 
president, R. S. Archer; Secretary, W. H. Eisenman; Treas- 
urer, Emil Gathmann; Directors, W. H. Phillips, E. C. Bain, 
W. P. Woodside, Walter Mathesius, George B. Waterhouse. 
All above officers of the American Society for Metals, address 
at 7016 Euclid Avenue, Cleveland, Ohio. 

3.—That known bondholders, mortgagees and other se- 
curity holders are: none. 

4.—That the two paragraphs next above, giving the names 
of the owners, stockholders and security holders, if any, contain 
not only the list of stockholders and security holders as they 
appear upon the books of the company but also, in cases where 
the stockholder or security holder appears upon the books of 
the company as trustee or in any other fiduciary relation, the 
name of the person or corporation for whom such trustee is 
acting, is given; also that the said two paragraphs contain state- 
ments embracing afhant’s full knowledge and belief as to the 
circumstances and conditions under which stockholders and 
security holders who do not appear upon the books of the com- 
pany as trustees, hold stock and securities in a capacity other 
than that of a bona fide owner; and this affiant has no reason 
to believe that any other person, association, or corporation has 
any interest direct or indirect in the said stock, bonds, or other 
securities than as so stated by him. Ray T. Bayless, managing 
editor, sworn to and subscribed before me this Ist day of 
October, 1934. 


(Seal) Arthur T. Wehrle, notary public. 


(My commission expires January, 1935.) 



































































“TOOL STEELS” 


A Series of Five Educational Lectures on the Sel<-.;. 
Properties and Uses of Commercial Tool Ste: 


by JAMES P. GILL 
Chief Metallurgist 
VaNnapiuM-ALLoys Sree: Co., Latrrose, PENNa. 


This five-lecture series constituting a most outstanding piece 
of work by an expert in the tool steel industry, will matic 
valuable addition to your library. These lectures were pre. 
sented at the Sixteenth Annual Meeting of the Society in New 
York City, October 1 to 5, 1934, and are now made available 
to the entire membership. This is a book containing 136 pases 
and is neatly bound in cloth. It is available in paper cove: «iso. 


Price: Cloth bound, $2.50—Paper bound, $2.00 
& 


CONTENTS: 


Lecture I. Manufacture, Classification Carbon and Low Alloy 
and Selection of Tool Steels 
a. History 
' Melting, forging, ealing and in 
ann in an = 
spection 


. Classification 

d. Selection 

Correlation of physical properties and = J ecture IV. Tool Steels of Inter 
requirements diate Alloy Content 


Testes " 


applications 


Lecture II. Evaluation and Testing: 


Effect of Alloying Elements Hot Work 
a. Evaluation crome die hom tungsten stec!» and 
aia tant, quality and physical prop- See for hot work, 


: foe Lecture V. High Carbon, High 
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